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Abstract 
 Bulk gold is known to be one of the least reactive metals. In contrast, gold colloids and 
gold nanoclusters exhibit unique chemical and physical properties, due to their stability, 
uniformity, and size related characteristics. These interesting attributes cause gold nanoclusters 
to have promising applications in catalysis, biosensors, and optoelectronics. In particular, many 
of the applications for gold nanoclusters are in the fields of biomedicine and biotechnology. 
These potential applications require aggregation resistant, water-soluble nanoparticles capable of 
withstanding an environment within living organisms. Additionally, previous studies have shown 
that supported gold nanoclusters can be used as catalysts for many hydrogenation and oxidation 
reactions at low temperatures. These reactions include the oxidation of carbon monoxide (CO) 
and nitric oxide (NO), partial oxidation of propylene, and partial and complete hydrogenation of 
acetylene and ethylene, respectively.  
 In this thesis, density functional theory (DFT) calculations are used to obtain energies of 
equilibrium structures from geometry optimizations and vibrational frequencies of small gold 
clusters, with one to four gold atoms bonded  to a water molecule, small alcohols, or short-chain 
thiols, SHR, wth R=H, CH3, CH3CH2. Additionally, density functional theory, Møller-Plesset 
Perturbation theory, and coupled cluster theory calculations were used to obtain energies, 
optimal geometries, vibrational frequencies, activation energies, and the rate of reaction for the 
hydrogen atom transfer from sulphur to gold of the RSH-Aun and RSAunH complexes. These 
complexes consist of small gold clusters, with n=1-4 and short-chain thiols wth R=H, CH3, and 
CH3CH2. 
 The Gibbs free energies were calculated to determine whether the hydrogen atom transfer 
occurs as a thermodynamically spontaneous reaction. Additionally, common trends of the cluster 
ii 
 
complexes including bond lengths and characteristic gold-sulphur and gold-oxygen vibrational 
stretching were examined. Depending on the ligand attached to the gold cluster and the overall 
charge of the complex, bridge-bonding to different pairs of gold atoms in the cluster can occur 
with the hydrogen atom that has been transferred and the sulphur atom or oxygen atom. 
 These theoretical studies are used to expand on the limited understanding of gold clusters 
and their interesting characteristics. Additionally, these studies determine the versatility of 
various basis functionals and basis sets when used on many electron atoms, such as gold. The 
results from this study are compared to similar studies involving gold clusters. 
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Chapter 1 Introduction 
 
1.1 Gold clusters 
 
 Gold has been used since ancient times for decorative purposes, to represent royalty’s 
immutability and grandeur, and symbolize religious eternity and truth [1.1]. It was only when 
nanoscale imaging tools were invented, that it was confirmed that these gold materials consisted 
of nanoscale particles. Research of these particles began in the mid-1800s, with Michael Faraday 
preparing a gold colloid from the reduction of a gold salt with phosphorous [1.2]. The bright red 
colour of the gold colloid prompted experimental and theoretical research on metal colloids [1.3-
1.9].  By the early 1900s, the optical properties of gold nanoparticles were observed [1.1]. 
However, it was only in the 1960s, that it was discovered that gold nanoclusters exhibited 
surface plasmon resonance [1.5]. This discovery prompted the explanation of the Lycurgus cup, 
such that gold, less than 100nm in thickness appears red or green, depending on whether light 
was transmitted or reflected, respectively. Since then research has focused on controlling the size 
and shape of gold nanoclusters for use in technological applications, such as cellular imaging. 
1.1.1 Gold nanostructures 
Although bulk gold is inert, nanometer-scale gold clusters have a wide range of applications 
in the areas of colloidal chemistry and heterogeneous catalysis [1.10-1.14]. In particular, 
supported gold nanoclusters have been shown to exhibit high catalytic activity at low 
temperatures for the oxidation of carbon monoxide [1.15, 1.16]. The catalytic activity of gold 
depends on the overall charge of the complex [1.14]. The gold clusters and their properties can 
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be studied experimentally by HRTEM images for size and surface plane identification, or 
theoretically using density functional theory [1.17-1.20]. 
The potential applications of gold nanoclusters are possible due to their unique chemical 
and physical properties that gold nanoclusters exhibit. These properties arise from the various 
geometries of gold compounds have, which differ from other Group 11 metals. The geometries 
and thus the chemical and physical properties of gold clusters are dependent of the number of 
gold atoms in the cluster. Additionally, gold experiences large relativistic effects which also 
contribute to the interesting chemical and physical properties exhibited by gold nanoclusters and 
colloids. 
1.1.2 Small gold clusters 
The chemical and physical properties, as well as the geometries of small gold clusters are 
extremely dependent of the number of gold atoms in the cluster, since the chemical and physical 
properties can change significantly with the addition or removal of a single atom or electron 
[1.21]. The relativistic effects experienced by a single gold atom or small gold clusters remain 
large, thus contributing to extraordinary chemical and physical properties exhibited by small 
gold clusters, such as bridge bonded atoms. 
 
1.2 Thiols 
 
A thiol is an organosulphur compound, with the chemical formula SHR. The sulphur atom is 
bonded to a hydrogen atom and an R substituent, representing an alkane, alkene or groups of 
atoms often containing carbon. Sulphur containing molecules are often used as surfactants, as 
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sulphur has a strong affinity for gold, and the bond between sulphur and gold is extremely 
strong.  
Thiols are often used to prevent aggregation of gold clusters in solution, by forming 
monolayers on the surface of the gold clusters. By having alkane thiol substituents protruding 
away from the gold cluster, this protects the gold cluster from attacking functional groups 
present in solution. Thiols consisting of long-chain branched alkanes form a more densely 
packed monolayer on the surface of the gold cluster, providing further stabilization of the gold 
cluster [1.22-1.37].  
 
Scheme 1.1 Schematic of gold nanocluster protected by various long-chain thiols [1.38].  
 
1.3 Chemical synthesis of thiolate-protected gold clusters 
 
Gold clusters can be synthesized experimentally, in the gas phase or in solution. Gold 
clusters synthesized in the gas phase are generated as bare clusters, having no ligand protection, 
whereas gold clusters synthesized in solution are protected from aggregation with the use of thiol 
ligands [1.2]. The thiol monolayer stabilizes the gold cluster, as a result of the strong affinity 
between gold and sulphur, and influences the chemical and physical properties exhibited by the 
gold clusters. Brust et al. developed a synthesis for thiolate-protected gold clusters in solution 
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during the 1990s [1.25, 1.26, 1.39]. The basic synthesis includes the following unbalanced 
reactions, 
 
i) Phase transfer of a gold salt: 
 
HAuCl4 (aq) + TOABr (tol) → [AuCl4-xBrx]TOA (tol) + HCl (Br) (aq) (Eqn. 1.0) 
 
ii) Reduction of Au(III) to Au(I): 
 
[AuCl4-xBrx]TOA (tol) + HSR → Au:SR (complexes)              (Eqn. 1.1) 
 
iii) Reduction of Au(I) to Au(0): 
 
Au:SR (tol) + NaBH4 (aq) → Aun(SR)m      (Eqn. 1.2) 
 
where TOABr represents tetraoctylammonium bromide, tol represents toluene, and, n=1, and 
m=1. 
 The procedure developed by Brust et al. [1.25, 1.26] synthesizes thiolate-protected 
nanoclusters that are extremely stable, due to the thiol ligand. These nanoclusters can be isolated 
and stored as a powder for long periods of time, which can be re-dissolved in solvent [1.26, 
1.40]. In contrast to these advantages, the synthesized nanoclusters exhibit polydispersity, with 
sizes ranging from 2-5nm. Post-synthetic treatments such as chromatographic separation [1.41-
1.44], thermal treatment [1.45-1.48] and size-selective precipitation by addition of a non-solvent 
[1.49] can be applied to ensure monodispersity of the nanoclusters.  
 The thiolate-protected nanoclusters synthesized by Brust et al. [1.25, 1.26] do not show 
distinctive quantum effects, as the face-centered-cubic (FCC) crystalline structure is too large. 
To obtain smaller nanoclusters that exhibit quantum size effects, modifications to the original 
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procedure were required. By increasing the thiol-to-gold ratio from 0.2:1 to 2:1, and using a 
larger amount of reducing agent, NaBH4, nanoparticles as small as 1.5nm could be synthesized 
[1.49, 1.50]. 
 
1.4 Complexes of small gold clusters with H2S and small thiols, HSCH3 and HSC2H5 
The study of small gold clusters with H2S and small thiols including HSCH3 and HSC2H5 are 
an important field in science as the interaction between sulphur and gold produces thiol-
passivated gold nanoclusters. The thiol-passivated gold nanoclusters prevent aggregation of gold 
clusters in solution, as a result of thiol monolayers to form on the surface of the gold cluster with 
the alkane thiol protruding away from the cluster [1.22-1.37]. This is possible since sulphur has a 
strong affinity for gold, and thus the bonds formed between the atoms are extremely strong.   
As a result of the strong gold-sulphur bond, thiol molecules such as R-SH with R=CH3 and 
R=(CH2)nCH3 are commonly used to protect small gold clusters during the synthesis of 
molecular nanostructured materials[1.51, 1.52]. Recent theoretical work of Garzón et al. [1.53] 
has shown that the crystalline structure of gold nanoclusters can incorporate the sulphur atoms 
protecting the cluster onto the surface of the cluster, when the thiol molecules are passivated 
[1.54]. The alloying of the surface is due to the strong affinity between gold and sulphur [1.53]. 
Further experimental research of Sugawara et al. [1.55] and theoretical research of Smith and 
Hamilton [1.56] provides information about ligand effects in thiol-passivated gold nanoclusters. 
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1.5 Complexes of small gold clusters with H2O and small alcohols, CH3OH and C2H5OH 
Water adsorption onto metal surfaces has become an important topic in surface chemistry, as 
potential applications of gold nanoclusters such as biosensors, drug delivery [1.57, 1.58], 
optoelectronics, and catalysis [1.15-1.17, 1.59-1.69] require water-soluble, aggregation resistant, 
nanoparticles capable of withstanding an environment within living organisms [1.70-1.72]. Thus 
by gaining a better understanding of the interaction between water and metal surfaces, corrosion 
of materials, heterogeneous catalysis, and surface electrochemistry can be better understood 
[1.73-1.79]. Theoretically, catalytic mechanisms involved with the interaction between water and 
metal surfaces are difficult to perform, as these reactions occur on extended surfaces. Thus metal 
clusters, involving a limited number of atoms, are used as models for atomic and molecular 
adsorption in similar metallic systems [1.80-1.82]. 
 
1.6 Computational Theories 
1.6.1 Density Functional Theory 
Density functional theory (DFT) describes the electronic states of materials, molecules and 
atoms with respect to the three-dimensional electronic density of a system [1.83]. This theory 
allows a system consisting of many electrons described by 3N spatial coordinates, where N is the 
number of electrons, to be reduced to a system described by only three spatial coordinates [1.84].  
The theory was originally formulated based on two fundamental theorems by Kohn and 
Hohenberg in 1964. The first theory stated that the ground-state energy from Schrödinger’s 
equation is a unique functional of the electron density. The second theory stated that the electron 
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density that minimizes the energy of the overall functional is the true electron density 
corresponding to the full solution of the Schrödinger equation. Therefore, the ground state 
energy and density could be determined with the existence of a functional, although the 
functional was not provided in the theorem [1.86]. Methods for approximating these functionals 
were determined by Kohn and Sham. The approximate functional which exists in current density 
functional theory methods is shown in equation 1.3, where each component is computed 
separately.  
E = E
K
 + E
V
 + E
J
 + E
XC
    (Eqn. 1.3) 
From this equation, E is the total energy, E
K
 is the kinetic energy of movement of the 
electrons, E
V
 is the potential energy from nuclear-nuclear repulsion and nuclear-electron 
attraction, E
J
 is the Coulomb repulsion energy between interacting electrons, and E
XC
 is the 
exchange-correlation energy for any electron-electron interactions not taken into account [1.84]. 
Density functional theory has become the preferred method for performing theoretical 
calculations involving complex chemical systems, as systems consisting of a large number of 
electrons can be completed with reasonable accuracy and moderate computational cost. This is 
beneficial for transition metal complexes, as these systems contain atoms which possess a large 
number of electrons. As the number of electrons increase within a system, so does the 
complexity of the calculation, and thus the calculation requires more computational time to 
complete. Density functional theory works well for organic compound due to the limited number 
of electrons involved in the calculations. However, there is a limit to the complexity of systems 
DFT can successfully compute. This limit is reached with systems involving more than one 
thousand atoms, depending on the types of atoms involved in the calculation and the technology 
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available to complete the DFT calculations. In addition to the complexity of a system, DFT 
calculations have limited accuracy for electronic excited states, and often underestimates the 
band gap by 1 eV, compared to experimental data, for insulating and semiconducting materials. 
Additionally, if weak van der Waals attractions exist between molecules and/or atoms in the 
system, DFT results are poor. 
A pseudopotential is applied to DFT calculations for systems involving transition metals that 
experience large relativistic effects, such as gold [1.86-1.88]. Relativistic effects cause electrons 
to move at increasingly high speeds at closer proximity to the nucleus. This causes complicated 
core electron effects, increasing the computational time required to complete the calculation. 
Valence electrons, rather than core electrons are important to chemical bonding and the physical 
properties of materials, and thus core electrons can be ignored. A pseudopotential eliminates the 
effects of core electrons by replacing the Coulomb potential term in the Schrödinger equation 
with an effective potential. Thus, pseudopotentials replace the electron density of core electrons 
specific to each element with a corresponding smoothed density possessing mathematical and 
physical properties of the ion core.  This allows computational time to be reduced without 
sacrificing accuracy for electron-complex systems [1.85]. 
1.6.1.1 BP86  
In density functional theory studies, the generalized gradient approximation (GGA) 
functional BP86 is often used as this functional produces accurate results for molecular 
geometries and energy values for complexes in the ground-state. The BP86 functional is a 
combination of Becke’s 1988 gradient-corrected exchange functional, which includes corrections 
for the density gradient and the Slater exchange [1.89], as well as Perdew’s 1986 gradient-
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corrected correlation functional, which includes gradient corrections of his 1981 local correlation 
functional [1.90]. 
1.6.1.2 M06-2X 
 In density functional theory studies, the hybrid meta exchange correlation functional, 
M06-2X is often used as this functional has high nonlocality and has double the amount of 
nonlocal exchange (hence 2X) compared to the standard M06 functional. The M06-2X 
functional includes density functional theory (DFT) exchange correlation and Hartree-Fock 
exchange; and it is parametrized for non-metals exclusively. This functional was established by 
Zhao and Truhlar [1.91] for main group thermochemistry, thermochemical kinetics, noncovalent 
interactions, excited states, and transition elements. 
1.6.2 Perturbation Theory 
1.6.2.1 Rayleigh-Schrödinger perturbation theory 
 Operators can be difficult to work with as they can complicate pseudoeigenvalue 
equations by containing a large number of operations. By removing some elements of the 
original operator, a more tractable operator may be created. This allows the more complicated 
operator to estimate the eigenfunctions and therefore eigenvalues, by using exact eigenfunctions 
and eigenvalues of the revised, simplified operator.  An example of this is the Rayleigh-
Schrödinger perturbation theory [1.92]. 
In the most general case, some operator A can be written as, 
A = A
(0)
 + λV     (Eq. 1.4) 
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where A
(0)
 is an operator for which eigenfunctions can be found, V is a perturbing operator, and 
λ is a dimensionless parameter between 0 and 1 that maps A(0) into A. By expanding the 
eigenfunctions and eigenvalues of the ground-state as Taylor series in λ, where a0
(0) 
is the 
eigenvalue for Ψ0
(0)
, which is the normalized ground-state eigenfuntion for A
(0)
, we have the 
expressions, 
Ψ0 = Ψ0
(0)
 + λ 
   
   
   
      
 
  
     
    
   
    
     + 
 
  
   
    
   
    
     + …      (Eq. 1.5) 
and 
a0 = a0
(0)
 + λ 
   
   
   
      
 
  
     
    
   
    
     + 
 
  
   
    
   
    
     + …      (Eq. 1.6) 
For simplicity, the above two equations are usually written as, 
Ψ0 = Ψ0
(0)
 + λΨ0
(1)
 + λ2Ψ0
(2)
 + λ3Ψ0
(3)
 + …    (Eq. 1.7) 
and 
a0 = a0
(0)
 + λa0
(1)
 + λ2a0
(2)
 + λ3a0
(3)
 + …    (Eq. 1.8) 
where the superscripts (n) represent the ‘nth-order corrections’ to the zeroth order term. 
Therefore,  
      (A
(0)
 + λV)|Ψ0> = a0| Ψ0>    (Eq. 1.9) 
which can be expanded to be written as, 
(A
(0)
 + λV)| Ψ0
(0)+ λΨ0
(1)
 + λ2Ψ0
(2)
 + λ3Ψ0
(3)
 + … > = (a0
(0)+ λa0
(1)
 + λ2a0
(2)
 + λ3a0
(3)
 + … )| Ψ0
(0)
+  
    λΨ0
(1)
 + λ2Ψ0
(2)
 + λ3Ψ0
(3)
 + … >   (Eq. 1.10) 
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Since λ is a dimensionless parameter, λ can take on any value between 0 and 1. This allows for 
the right and left sides of the above equation to be expanded for equalities involving like powers 
of λ. By doing so for a power of 0, the zeroth-order solution is as follows. 
        A
(0)
| Ψ0
(0)
> = a0
(0)
| Ψ0
(0)
>    (Eq. 1.11) 
The expansion of Eq. 1.10 can occur up to n
th
-order corrections. 
1.6.2.2 Møller-Plesset perturbation theory 
 The Møller-Plesset perturbation theory (MP-PT) was first published in 1934 by Christian 
Møller and Milton S. Plesset. The theory is one of several post Hartree-Fock ab initio methods, 
that improves on the Hartree-Fock method by accounting for electron correlation effects with the 
use of Rayleigh-Schrödinger perturbation theory (RS-PT), as described in section 1.6.2.1. The 
application of this theory is referred to by the acronym MPn, where n is the correlation order 
from the Rayleigh-Schrödinger perturbation theory, e.g., MP2, MP3, etc [1.93]. 
 The Møller-Plesset perturbation theory considers the operator A in Eq. 1.9 to be the 
Hamiltonian, H. Thus the expression becomes, 
(H
(0)
 + λV)|Ψ0> = a0| Ψ0>   (Eq. 1.12) 
This approach makes H
(0)
 to be the sum of the one-electron Fock operators, i.e., the non-
interacting Hamiltonian, such that 
H
(0)
 =    
 
            (Eq. 1.13) 
where n is the number of basis functions and fi is the one-electron Fock operator for each 
electron i, defined as, 
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      (Eq. 1.14) 
Additionally, from Eq. 1.12, Ψ0 is used to represent the Hartree-Fock wave function, which is a 
Slater determinant formed from the occupied orbitals. Thus, H
(0)
 is the sum of the occupied 
orbital energies, when applied to the Hartree-Fock wave function, i.e., 
H
(0)
 Ψ0 =      
    
           (Eq. 1.15) 
where the usual eigenvalues of the specific one-electron Fock operators, are the orbital energies. 
Therefore the sum of the right hand side of Eq 1.11 defines the eigenvalue a
(0)
. However, there is 
error in Eq. 1.15, such that the repulsion of the occupying electrons with all other electrons is 
included in each orbital energy. This causes each electron-electron repulsion to be counted twice. 
To eliminate this error, the correction term V, must be included to improve the Hartree-Fock 
wavefunction and the eigenvalues must be the difference in counting electron repulsion twice, 
rather than the appropriate amount of once. Thus, 
V =   
 
   
         
 
 
    
    
 
    
 
    
   
    
         (Eq. 1.16) 
where the first and second term on the right hand side is the proper way to compute electron 
repulsion, and how the electron repulsion is computed from summing over the occupied orbitals 
of the Fock operators, respectively. Additionally, the Coulomb and exchange operators are 
represented by J and K, respectively. 
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 By using Eq. 1.15, the first-order correction a
(1)
 to the zero
th
-order eigenvalue can be 
determined as,  
    a
(0)
 + a
(1)
 = < Ψ(0)|H(0)|Ψ(0)> + < Ψ(0)|V|Ψ(0)> 
     = <Ψ(0)|H(0) + V|Ψ(0)> 
     = <Ψ(0)|H|Ψ(0)> 
     = EHF      (Eq. 1.17) 
where V is defined by Eq. 1.16. Thus the energy correction through first-order in Møller-Plesset 
perturbation theory is equal to the Hartree-Fock energy. Therefore MP1 has no improvement on 
determining the energy beyond the Hartree-Fock level. In order to achieve improvement over the 
Hartree-Fock level, the second-order correction, correlating to MP2 must be considered. 
 The second-order correction, related to the sum of a
(0)
, a
(1)
, and a
(2)
 defines the energy of 
MP2. Calculations of MP2 can be completed efficiently in reasonable time due to the N
5
 scaling 
behaviour, where N is the number of basis functions. Second derivatives and analytic gradients 
are available for this theory level, and thus can be used for a variety of systems, including gold 
nanoclusters. However, since Møller-Plesset perturbation theory accounts for full electron-
electron repulsion energy, which contributes greatly to the total energy, MP2 calculations will 
not give a particularly accurate value for the correlation energy. It is likely that MP2 calculations 
will overestimate the correlation energy rather than underestimate this value.  
 By using higher orders in perturbation theory, the convergence improves as well as the 
accuracy in determining the correlation energy. At the MP3 level, the calculations are not much 
more expensive than MP2, as the matrix elements involving doubly excited determinants need to 
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be calculated. However, at the MP4 level, triply and quadruply excited determinants occur in the 
matrix, and thus calculations become much more computationally expensive, as the scaling 
behaviour becomes N
7
, where N is the number of basis functions [1.92]. 
1.6.3 Coupled-cluster Theory 
 Coupled cluster (CC) theory is a technique used for estimating the electron correlation 
energy in many-body systems. The theory accounts for electron correlation by constructing 
multi-electron wavefunctions using the exponential cluster operator from the basic Hartree-Fock 
molecular orbital method [1.93]. This is described by, 
Ψ = eT ΨHF    (Eq. 1.18) 
where the cluster operator T, is defined as, 
    T = T1 + T2 + T3 + … + Tn    (Eq. 1.19) 
where n is the total number of electrons. The various Ti operators generate all possible 
determinants having i excitations from the reference. 
The number of Tn terms involved in the cluster operator T depends on the highest number of 
excitations allowed, and is considered part of the classification of traditional coupled-cluster 
methods. This classification involves the use of a single letter, such that, single, double, triple 
and quadruple excitations are given the letter S, D, T, and Q, respectively. Thus, the cluster 
operator T in CCSDT has the form 
T = T1 + T2 + T3    (Eq. 1.20) 
15 
 
as this operator accounts for single, double, and triple excitations. Round brackets are used to 
indicate terms that are calculated using perturbation theory. For example, the CCSD(T) method 
indicates that the coupled cluster performs full treatment of single and double excitations, 
however the triple excitation contributions are calculated using many-body perturbation theory 
with non-iterative arguments [1.95]. 
 Depending on the level of coupled cluster theory used, calculations can become 
computationally expensive. The CCSD and CCSDT methods possess a scaling behaviour of N
6
 
and N
8
, respectively, where N is the number of basis functions, causing coupled cluster theory 
accounting for single, double, and triple excitations to be very computationally costly. Thus the 
CCSD(T) is commonly used to obtain accurate calculations, but is only used for small to medium 
sized molecules [1.92]. 
 
1.7 Transition State Theory 
 Transition state theory (TST) is used to predict how rapidly a reaction occurs. TST 
assumes the reaction occurs if (and only if) the reactants reach the transition state, and thus 
determining the transition state structure is essential. The transition state structure is defined as 
the molecular structure existing at the highest energy point (maximum) on the pathway between 
the reactants and products in a given reaction. A transition state will possess only one imaginary 
(negative) vibrational frequency. The motion corresponding to this vibrational frequency takes 
the structure from the reactant side to the product side. TST assumes that once the transition state 
is crossed to form the products it is never re-crossed (to re-from the reactants). According to 
Hammond’s Postulate, the energy of the transition state for an exothermic reaction will be closer 
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in value to the reactant than the product. This causes the transition state structure to resemble the 
reactant, indicating an early transition state. On the other hand, the energy of the transition state 
for an endothermic reaction will be closer in value to the product than the reactant. This causes 
the transition state structure to resemble the product, indicating a late transition state [1.96]. 
 
To determine the structure of a transition state, a maximum must be found in one and 
only one direction, while in every other direction a minimum must be found.There are two types 
of synchronous transition methods that are used to determined the structure of the transition 
state. These methods are the linear synchronous transit method (LST) and the quadratic 
synchronous transit method (QST). The linear synchronous transit method searches for a 
maximum along a linear path between the reactants and products of the reaction. This method 
often results in the structure possessing two or more negative eigen values. The quadratic 
synchronous transit method searches for a maximum along a parabola between the reactants and 
products, as well as for a minimum in all directions which are perpendicular to the parabola. This 
method is generally an improvement over the linear synchronous transit method. 
Computationally, transition state structures are determined using the synchronous transit-guided 
quasi-Newton method (STQN). This method uses the LST or QST method to reach the quadratic 
region around the transition state, and then uses a quasi-Newton or eigenvector-following 
algorithm to complete the optimization, to determine the ‘exact’ structure of the transition state. 
This method is performed using the QST2 or QST3 options in computer software programs. The 
QST2 method requires the optimized reactant and product molecular specifications. The QST3 
method requires the optimized reactant and product molecular specifications, as well as an initial 
guess for the transition state structure [1.97, 1.98]. 
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1.8 Research Goals and Objectives 
The objectives of this research are summarized as the following: 
1. To determine the minimum energy structures of hydrogen atom transfer in cationic 
and neutrally charged gold clusters consisting of 1-4 gold atoms bonded to 
dihydrogen sulphide, H2S, methane thiol, SHCH3, and ethane thiol, SHC2H5. 
2. To determine the minimum energy structures of hydrogen atom transfer in cationic, 
neutral and anionic charged gold clusters consisting of 1-4 gold atoms bonded to a 
single water molecule, methanol, and ethanol. 
3. To determine the rate of hydrogen atom transfer of neutrally charged gold clusters 
consisting of 1-2 gold atoms bonded to dihydrogen sulphide, H2S, methane thiol, 
SHCH3, and ethane thiol, SHC2H5. 
The first objective is addressed in Chapter 2: Hydrogen atom transfer in alkane thiol-gold 
cluster complexes: A density functional theory study. The theoretical work present in this study 
for the cationic species is based on previous experimental work of Sugawara et al. [1.55], who 
studied reactions of H2S on cationic gold clusters, and theoretical work of Hamilton [1.99] who 
studied these reactions for cationic gold clusters consisting of 1-4 gold atoms. Additionally, the 
work involving neutral species which is found in this section is based on the theoretical work of 
Li and Hamilton [1.100] who examined small neutral gold clusters bonded to H2S. 
The second objective is addressed in Chapter 3: Hydrogen atom transfer in gold-oxygen 
cluster complexes: A density functional theory study. The theoretical work present in this study 
is based on previous experimental work of Lang et al. [1.101] who studied the adsorption of 
hydrogen onto small gas-phase cationic gold clusters to activate the binding of oxygen, O2. 
Additionally the work found in this section is based on theoretical work of Kryachko [1.102] 
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who surveyed hydrogen bonding for water molecules with small anionic gold clusters, and 
Kuang et al. [1.103] who examined the adsorption of water molecules onto small neutral gold 
clusters. 
The third objective is addressed in Chapter 4: Transition state theory of hydrogen atom 
transfer in alkane thiol-gold cluster complexes. The theoretical work present in this study is 
based on previous experimental work of Sugawara et al. [1.55] who studied reactions of H2S. 
Additionally, this study is based on the theoretical work of Hamilton [1.99], who studied 
reactions of gold clusters consisting of 1-4 gold atoms, and theoretical work of Sun and Chen 
[1.104], who studied the performance of density functions to determine activation energies. 
The findings of the chapters 2, 3, and 4, and future work in these areas will be summarized in 
Chapter 5: Significance and Future Work. Supplementary information can be found in the 
attached Appendices. Appendix A provides supplementary information related to Chapter 2 
including the thermochemical values for the transfer of a hydrogen atom from sulphur to gold 
and the minimum energy structures with the optimized geometries of these complexes. Appendix 
B provides supplementary information related to Chapter 3 including the thermochemical values 
for the transfer of a hydrogen atom from oxygen to gold and the minimum energy structures and 
the optimized geometries of these complexes. Appendix C provides supplementary information 
related to Chapter 4 including the thermochemical values, activation energies, and the reaction 
rate constants for the transfer of a hydrogen atom from sulphur to gold. The minimum energy 
structures, including the transition state structure, with the optimized geometries of these 
complexes are included.  
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Chapter 2 Hydrogen atom transfer in alkane thiol-gold cluster complexes: A density 
functional theory study 
 
2.0 Abstract 
 Alkane thiols, RSH, are commonly used in aqueous solutions to stabilize and prevent 
aggregation of gold clusters, Aun, where n=1-4. Initially a RSH-Aun complex is formed and, 
subsequently, there is hydrogen atom transfer to form a RSAunH complex. We examine the 
energetics of this process for small gold clusters, with short-chain thiols with R = H, CH3, and 
CH3CH2, using density functional theory. A pseudopotential was employed to account for the 
large relativisitic effects exhibited by gold. Equilibrium geometries and vibrational frequencies 
of the RSH-Aun and RSAunH complexes were obtained, as well as thermo-chemical values for 
the transfer of a hydrogen atom from sulphur to gold. 
 
2.1 Introduction 
 Gold has been used since ancient times for decorative and monetary purposes. However, 
the properties of gold clusters were poorly understood until recently when advances in 
experimental and theoretical techniques have enabled their quantitative study [2.1-2.6]. Research 
on gold nanoparticles can be considered to date back to the mid 1800s with Michael Faraday's 
interest in the bright red colour of gold colloid solutions [2.7]. By the early 1900s, the 
relationship between colour and particle size was quantified by the classical theory of Mie (based 
on Maxwell’s equations) [2.8], which is still used extensively today. Subsequently, the electron 
band theory for metals was established which further quantified the electronic excitation of gold 
nanoparticles by surface plasmon resonance [2.9]. Since the 1990s, extensive research has been 
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undertaken to control the size and shape of gold nanoclusters and to further examine the 
properties and applications of gold nanostructures. 
 Bulk gold is known to be one of the least reactive metals. However, gold nanoclusters 
exhibit unique chemical and physical properties, leading to potential applications in the field 
optoelectronics and catalysis [2.10-2.24]. In particular, gold nanoclusters have demonstrated 
unique catalytic properties for the oxidation of carbon monoxide (CO) at low temperatures [2.22-
2.24]. In the catalysis process, there are indications that the active sites may consist of much 
smaller clusters of gold atoms.  
 Metal clusters can display properties such as magnetism that are not seen in the bulk 
[2.25-2.27]. The chemical and physical properties of the metal cluster are dependent on the 
number of atoms in the cluster and the overall charge of the cluster. For small gold clusters, these 
properties can change significantly with the addition or removal of a single atom or electron 
[2.28-2.33]. 
 It has been established that relativistic effects are particularly large for gold and must be 
taken into account [2.34-2.46]. In particular, the contraction of the 6s orbital (which experiences 
more interactions with the nuclei) and the expansion of the 5d orbital results in a smaller than 
expected 6s/5d energy gap, which results in the yellow colour of gold. Without relativistic 
effects, this energy gap would be larger and (as for silver) there would be no absorption of light 
in the visible region.  
 To prevent aggregation of gold clusters in solution, thiols are often used [2.47-2.62]. 
Sulphur has a strong affinity for gold, and the bond between sulphur and gold is extremely 
strong. This property leads to monolayers of thiols being formed on the surface of the gold 
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cluster, with the alkane thiol substituent protruding away from the gold cluster thereby protecting 
the gold cluster from other functional groups present in solution. Thiols consisting of long-chain 
branched alkanes form a more densely packed monolayer on the surface of the gold cluster, 
providing further stabilization of the gold cluster. 
 The gold-sulphur interaction for gold bonded to alkane thiols and disulphides, has shown 
that adsorption of alkane thiols and dialkyl disulphides leads to similar alkane thiolate 
monolayers on the surface of gold. The alkane thiolate monolayer forms once dissociation of the 
disulphide, S-S, or thiol, S-H, bonds occur and the gold-sulphur bond is formed. The transfer of 
the hydrogen atom from the sulphur atom in the alkane thiol ligand to one or more gold atoms 
within the gold cluster is the focus of the present study for complexes of small gold clusters with 
short alkane thiols. To make connections with previous experimental and theoretical work, we 
consider the neutral and cationic cases for clusters with 1-4 gold atoms, and the anionic case for 
clusters with 1-2 gold atoms. Experimental work of Sugawara et al. [2.63] studied reactions of 
cationic gold clusters with H2S and theoretical work of Hamilton [2.64] studied these reactions 
for small cationic gold clusters. Theoretical work of Li and Hamilton [2.65] examined complexes 
of small neutral gold clusters and H2S.  
 
2.2 Computational Method 
 The Gaussian 09 program package [2.66] was used for all electronic structure 
calculations. Equilibrium structures were obtained from geometry optimizations and vibrational 
frequencies of these structures were calculated using the analytical second-order derivatives 
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method. All thermochemical values were obtained at 298 K using the standard procedure for 
extrapolating from zero Kelvin. 
 As in our previous studies of neutral and cationic gold cluster complexes [2.64, 2.65] 
density functional theory was used. For this study, the gradient correlated local exchange 
functional B, [2.67] and the correlation functional P86 [2.68] were employed. The BP86 
functional has been found to give excellent results neutral gold clusters [2.69]. In other studies, 
functionals such as PW91 and B3P86 have also been shown to yield good results [2.70]. In this 
study the B3P86 and B3LYP functionals were used for some calculations but, unless otherwise 
noted, all results are for the BP86 functional.  
 As noted above, gold exhibits large relativistic effects and it is essential to account for 
them. In this study we used the Stuttegart-Dresden effective core potential [2.71] in combination 
with the D95 (double zeta) basis set for the alkane thiols. Other relativistic effective core 
potentials, such as Hay-Wadt [2.72, 2.73] have also been shown to yield good results for gold. 
 
2.3 Results and Discussion 
We begin by considering our results for the geometries of the gold clusters. In general 
agreement with other studies at similar levels of theory, the Au-Au bond distance is 2.545 Å for 
singlet Au2, and 2.629 Å for doublet Au2
+
. Au3 and Au3
+
 are both nearly equilateral triangles 
having C2v symmetry, with an Au1-Au2-Au3 bond angle of 58.8
o
 and 60.9
o
, respectively and a 
Au1-Au2 bond distance of 2.676 and 2.713 Å, respectively. Au4 and Au4
+
 are both diamond 
shaped having D2h symmetry with the “outer” Au-Au bond distance, corresponding to Au1-Au2 
of Scheme 2.9 and 2.10, being 2.801 and 2.780 Å, respectively. The “cross-diamond” bond 
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distance of Au4 and Au4
+
, corresponding to Au1-Au4 in Schemes 2.9 and 2.10, are 2.642 and 
2.757 Å, respectively. Our results for Au4 are in general agreement with previous experimental 
and theoretical studies [2.31, 2.33] but we note that for Au4 there is a low-lying structural isomer 
which has the form Au3Au. In general, the number of low-lying structural isomers increases 
sharply as the number of gold atoms increases. The Au4 and Au4
+
 structures determined in this 
study were confirmed using the B3P86 and B3LYP functionals, in addition to the BP86 
functional implemented throughout this study. We note that the neutral gold clusters are open 
shell for odd values of n, and closed shell for even values of n (while the reverse is true for the 
cationic and anionic gold clusters). 
2.3.1 Geometries of the complexes 
 The minimum energy structures for the AunSHR→HAunSR reaction, where n=1-4 and 
R=H, CH3 and C2H5 for the neutral, cationic, and anionic cases are illustrated in Schemes 2.1-
2.30, with selected geometric values included in Tables 2.2-2.13, in Appendix A. 
 From Schemes 2.1-2.10, it may be seen that the structures for the AunSH2 complexes are 
similar for the neutral and cationic species. However, the structure for the anionic species is 
different, such that the hydrogen atom is directed toward the gold atom. In contrast, the 
structures for the HAunSH complexes vary significantly for the neutral, cationic, and anionic 
species. The most dramatic difference is that the transferred hydrogen atom and the sulphur atom 
can be bridge-bonded to two gold atoms within the cluster. In particular, this bridge-bonding 
occurs for the neutral Au4 gold cluster, which indicates reasonable expectations for larger neutral 
gold clusters. Similar results were observed for the HAunSCH3 and HAunSC2H5 complexes. 
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2.3.1.1 Geometries of the AunSHR, AunSHR
+
, and AunSHR
- 
complexes 
 Upon hydrogen atom transfer in Au2SH2 to form HAu2SH, the Au1-Au2 bond length 
increases by 0.122 to 2.677 Å and by 0.040 to 2.669 Å, for the neutral and cationic complexes, 
respectively. However, the Au1-Au2 bond length decreases by 0.008 to 2.670 Å for the anionic 
complex. In contrast, for Au3SH2→HAu3SH, the Au1-Au2 bond length decreases by 0.014 to 
2.662 Å for the neutral complex, but increases by 0.286 to 2.999 Å for the cationic complex. For 
Au4SH2→HAu4SH, the Au1-Au2 bond length increases by 0.251 to 3.052Å for the neutral 
species, but decreases by 0.132 to 2.648 Å for the cationic species. For the neutral 
AunSH2complexes, the Au-S distance decreases from 2.750 to 2.518 to 2.498 Å in going from 
n=1 to n=3, but increases slightly to 2.503Å for n=4. For the cationic AunSH2 complexes, the 
Au-S distance increases from 2.420 to 2.447 to 2.478 to 2.507 Å in going from n=1 to n=4. For 
the anionic AunSH2 complexes, the Au-S distance decreases from 3.438 to 3.406 Å in going from 
n=1 to n=2. Similar results were observed for the neutral, cationic, and anionic species of the 
AunSHCH3 and AunSHC2H5 complexes. 
2.3.1.2 Geometries of the HAunSR, HAunSR
+
, and HAunSR
- 
complexes  
 For the neutral HAunSH complexes the most dramatic changes are seen for n=2 and n=4. 
For n=2, the hydrogen atom that has been transferred is bridge-bonded to a pair of gold atoms. 
For n=4, the hydrogen atom that has been transferred, and the sulphur atom are both bridge-
bonded to different pairs of gold atoms of the gold cluster. For the cationic HAunSH complexes 
the hydrogen atom that has been transferred is bridge-bonded to a pair of gold atoms for n=2, 3, 
and 4. Also, when n=3, the sulphur atom is bridge-bonded to a different pair of gold atoms. For 
the anionic HAu2SH complex, the hydrogen atom that has been transferred doesn’t participate in 
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bridge bonding, and thus is characteristic of the anionic case. These limited results suggest that 
bridge-bonding is more favorable for hydrogen than sulphur. Additionally, bridge-bonding is 
more favorable for closed-shell gold clusters than open-shell gold clusters. 
2.3.2 Vibrations of the AunSHR, AunSHR
+
, and AunSHR
-  
complexes 
The vibrations of the AunSH2 complexes are vibrations associated with Aun and H2S, and 
additional vibrations as a result of complex formation. The most important of the additional 
vibrations is the Au-S stretch, since it is most characteristic of the complex. The Au-S stretch 
frequencies are included in Tables 2.2-2.5. In summary, the frequency of the Au-S stretch 
increased for the neutral, cationic, and anionic species, in going from theAunSH2 complexes to 
the HAunSH complexes. This was also true for AunSHCH3 →HAunSCH3, but not always true for 
AunSHC2H5→HAunSC2H5, as shown in Tables 2.6-2.13. The vibrational frequencies of 
AunSHC2H5 increased for the neutral, cationic, and anionic complexes when the cluster consisted 
of 1 or 2 gold atoms. However, the vibrational frequencies of AunSHC2H5 increased for the 
neutral and cationic complexes when the cluster consisted of 3 gold atoms, but for 4 gold atoms, 
the Au-S frequency decreased for the neutral case, and increased for the cationic case. In all 
cases there is generally a very good correlation between a larger Au-S stretch frequency and a 
smaller Au-S distance. 
2.3.3 Energetics of hydrogen atom transfer 
Thermo-chemical values for the AunSHR→HAunSR reactions at 298 K are included in 
Table 2.1, and are summarized here for simplicity. We first consider the results for R=H. For the 
neutral complexes, transfer of a hydrogen atom from sulphur to gold is favourable for all cases, 
as indicated by the negative ΔG values. The entropy changes for these reactions are unfavourable 
and they are driven by the negative ΔH values. The least negative ΔG value is for the n=2 case. 
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In contrast, for the cationic complexes hydrogen transfer is favourable only for the n=2 case. 
Similar to the neutral complexes, the hydrogen transfer for the anionic complexes are favourable 
for all values of n, with the entropy changes for these reactions being unfavourable.  
For the R=CH3 and R=C2H5 neutral complexes, transfer of the hydrogen atom from 
sulphur to gold is favourable for all cases except n=2. For the cationic complexes, transfer of the 
hydrogen atom from sulphur to gold is most favourable for n=2, but is also favourable for n=4. 
For the anionic complexes, transfer of the hydrogen atom is favourable for all values of n. As 
noted above, the neutral gold clusters are open-shell for odd values of n while the cationic gold 
clusters are open-shell for even values of n. Thus, for these small gold complexes, the ΔG values 
are strongly dependent on the reactivity of the gold cluster. However, the ΔG values are negative 
for the Au4 cluster which indicates the most reasonable expectations for larger gold clusters. 
2.3.4 Activation energies of hydrogen atom transfer 
Finally, we briefly consider the transition states (however, the structures are not shown) 
for the AunSHR→HAunSR reactions at the same level of theory. For the n=1 neutral and cationic 
cases with R=H, the calculated activation energies were 26.6 kJ/mol and 105.9 kJ/mol, 
respectively. In chapter 4 we address future studies by calculating the activation energies for 
larger n and also for R=CH3, and R=C2H5. Additionally we calculate the reaction rate constant of 
hydrogen atom transfer using transition state theory. 
 
2.4 Conclusions 
In conclusion, the optimized structures of neutral and cationic gold clusters consisting of 
1-4 gold atoms, and anionic gold clusters consisting of 1-2 gold atoms, bonded to dihydrogen 
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sulphide, methane thiol and ethane thiol were determined using the BP86/SDD functional. 
Common trends of these clusters including bond lengths, characteristic gold-sulphur vibrational 
stretching and energetically favourable transfer of a hydrogen atom from sulphur to gold were 
examined. We find that when the number of gold atoms is large enough, both the hydrogen atom 
that has been transferred and the sulphur atom are typically bridge-bonded to different pairs of 
gold atoms in the cluster. 
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Chapter 3 Hydrogen atom transfer in gold-oxygen cluster complexes: A density functional 
theory study  
 
3.0 Abstract 
Water adsorption onto metal clusters, is commonly used as a model to determine water 
adsorption on metal surfaces. Typically a Aun-OHR complex is formed and, subsequently, there 
may be a hydrogen atom transfer to form a HAunOR complex. We examine the energetic of this 
process for small cationic, neutral, and anionic gold clusters, with n=1-4 bonded to a single H2O 
molecule, methanol, and ethanol using density functional theory. A pseudopotential was 
employed to account for the large relativistic effects exhibited by gold. Equilibrium geometries 
and vibrational frequencies of the AunOHR and HAunOR complexes were obtained, where R=H, 
CH3, and C2H5, as well as thermo-chemical values for the transfer of a hydrogen atom from 
oxygen to gold. 
 
3.1 Introduction 
Gold has been used since ancient times, dating back to at least 700 BC. However, 
experimental and theoretical quantitative studies of gold, only began in the late 1800s with the 
interest in gold colloids by Michael Faraday [3.1-3.7]. The relationship between colour and 
particle size was quantified by the classical theory of Mie by the early 1900s [3.8], which lead to 
the discovery of the electron band theory for metals in the mid-1900s [3.9]. Extensive research 
has occurred since the 1990s to control the shape and size of gold nanoclusters and to further 
examine the properties and applications of gold nanostructures. 
49 
 
Gold atoms exhibit large relativistic effects that must be taken into account [3.10-3.21]. 
These effects result in smaller than expected 6s/5d energy gap, due to the contraction and 
expansion of the 6s and 5d orbitals, respectively. Without relativistic effects, the energy gap 
would be larger and there would be no absorption of light in the visible region, inhibiting gold 
from having its known colour of yellow. 
Bulk gold is known to be one of the least reactive metals [3.22]. However, gold colloids have 
remarkable physical and chemical properties, due to their stability, uniformity and size-related 
characteristics [3.1, 3.23]. Previous studies have shown that metal clusters can display properties 
such as magnetism, which are not exhibited by bulk gold [3.24-3.27]. The physical and chemical 
properties that the nanocluster possesses are dependent on the overall charge and the number of 
atoms the cluster possesses. These properties can change drastically with the addition or removal 
of a single atom or electron, for small gold clusters [3.28-3.34]. 
 These interesting attributes cause gold colloids to have promising applications in biosensors, 
drug delivery [3.35, 3.36], optoelectronics, and catalysis [3.33, 3.39-3.51]. In particular, previous 
studies have shown that supported gold nanoclusters can be used as catalysts for many 
hydrogenation and oxidation reactions at low temperatures. These reactions include the oxidation 
of carbon monoxide [3.40, 3.44, 3.46], and nitric oxide [3.52], partial oxidation of propylene 
[3.53], and partial and complete hydrogenation of acetylene [3.54] and ethylene [3.55], 
respectively. In addition to catalysis, many of the applications for gold nanoclusters are in the 
fields of biomedicine and biotechnology. These potential applications require aggregation 
resistant, water-soluble nanoparticles capable of withstanding an environment within living 
organisms [3.56-3.58]. 
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Water adsorption onto metal surfaces has become an important topic in surface chemistry. By 
gaining a better understanding of the interaction between water and metal surfaces, corrosion of 
materials, heterogeneous catalysis, and surface electrochemistry can be better understood [3.59-
3.65]. Theoretically, catalytic mechanisms involved with the interaction between water and metal 
surfaces are difficult to perform, as these reactions occur on extended surfaces. Thus metal 
clusters, involving a limited number of atoms, are used as models for atomic and molecular 
adsorption in similar metallic systems [3.66-3.68]. To make connections with previous 
experimental and theoretical work, we consider the cationic, neutral, and anionic cases. 
Experimental work of Lang et al. [3.69] studied the adsorption of hydrogen onto small gas-phase 
cationic gold clusters to activate the binding of oxygen gas. The theoretical work of Kryachko 
[3.70] surveyed hydrogen bonding for water molecules with small anionic gold clusters, and the 
theoretical work of Kuang et al. [3.25] examined the adsorption of water molecules onto small 
neutral gold clusters. 
 
3.2 Computational Method 
The Gaussian 09 program package [3.71] was used for all electronic structure calculations. 
Equilibrium structures were obtained from geometry optimizations, and vibrational frequencies 
of these structures which were calculated using the analytical second-order derivatives method. 
All thermochemical values were obtained at 298 K using the standard procedure for 
extrapolating from zero Kelvin. 
As in our previous studies of neutral and cationic gold cluster complexes [3.32, 3.72], density 
functional theory was used. For this study, the gradient correlated local exchange functional B 
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[3.73], and the correlation functional P86 [3.74] were employed. The BP86 functional has been 
found to give excellent results neutral gold clusters [3.75]. In other studies, functionals such as 
PW91 and B3P86 have also been shown to yield good results [3.76].  
As noted above, gold exhibits large relativistic effects and it is essential to account for them. 
In this study we used the Stuttegart-Dresden effective core potential [3.77] in combination with 
the D95 (double zeta) basis set for the water molecule. Other relativistic effective core potentials, 
such as Hay-Wadt [3.78, 3.79] have also been shown to yield good results for gold. 
 
3.3 Results and Discussion 
We begin by considering our results for the geometries of the gold clusters. In general, the 
Au-Au bond distance is 2.621 Å for the Au2
+
 doublet, 2.540 Å for the Au2 singlet, and 2.681 Å 
for the Au2
-
 doublet which is in agreement with other studies at similar levels of theory.  Au3
+
 
and Au3 are both nearly equilateral triangles having C2v symmetry, with an Au2-Au1-Au3 bond 
angle of 58.9° and 63.3°, respectively and a Au1-Au2 bond distance of 2.684Å and 2.653Å, 
respectively. Au3
-
 has a linear structure, with D∞h symmetry. Au4
+
 is diamond shaped having D2h 
symmetry with an “outer” Au-Au bond distance of 2.754 Å, corresponding to Au1-Au4 of 
Scheme 3.10. Au4 is composed of three gold atoms forming an equilateral triangle with an Au2-
Au1-Au3 bond angle of 60.7°, with the fourth gold atom protruding from one of the gold atoms in 
the triangle with a Au-Au bond distance of 2.571 Å. Au4
-
 is linear in structure possessing D∞h 
symmetry. We note that the neutral gold clusters are open shell for odd values of n, and closed 
shell for even values of n (while the reverse is true for the cationic and anionic gold clusters). 
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3.3.1 Geometries of the complexes 
 The minimum energy structures for the cationic, neutral, and anionic AunOH2 and 
HAunOH complexes are illustrated in Schemes 3.1-3.12, respectively, with selected geometric 
values included in Tables 3.2-3.5. Schemes and Tables for the corresponding AunOHCH3, 
HAunOCH3, AunOHCH2CH3, and HAunOCH2CH3 complexes are included in Appendix B. 
 From Schemes 3.1-3.9, it may be seen that the structures for the AunOH2 complexes are 
similar for n=1-3 for the cationic and neutral species, but vary significantly for the anionic cases. 
However, with the exception of n=1 and n=2, the structures for the HAunOH complexes vary 
significantly for the cationic, neutral, and anionic species. The most dramatic difference is that 
the transferred hydrogen atom and the oxygen atom can be bridge-bonded to two gold atoms 
within the cluster. 
3.3.1.1 Geometries of AunOH2
+
, AunOH2, and AunOH2
-
 complexes 
 Upon hydrogen atom transfer in Au2OH2 to form HAu2OH, the Au1-Au2 bond length 
increases by 0.024 to 2.645 Å and by 0.112 to 2.652 Å for the cationic and neutral complexes, 
respectively, but decreases by 0.02 to 2.661 Å for the anionic complex. Similarly, for Au3OH2 → 
HAu3OH, the Au1-Au2 bond length increases by 1.108 to 3.792 Å and by 0.041 to 2.694 Å for 
the cationic and neutral complexes, respectively, but decreases by 0.001 to 2.624 Å for the 
anionic complex. In contrast, for Au4OH2 → HAu4OH, the Au1-Au2 bond length increases by 
0.522 to 3.276 Å, 0.051 to 2.656 Å, and 0.08 to 2.718 Å, for the cationic, neutral, and anionic 
complexes, respectively.  
 For the cationic AunOH2 complexes, the Au-O distance increases from 2.119 to 2.139 to 
2.163 to 2.194 Å in going from n=1 to n=4. For the neutral AunOH2 complexes, the Au-O 
distance decreases from 2.426 to 2.243 Å for n=1 to n=2. The Au-O distance remains the same 
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for n=2 and n=3, then decreases from 2.243 to 2.234 Å for n=3 to n=4. For the anionic AunOH2 
complexes, the Au-O distance decreases from 3.204 to 3.192 Å for n=1 to n=2, increases from 
3.192 to 3.430 Å for n=2 to n=3, then decreases from 3.430 to 3.400 Å for n=3 to n=4. 
Additionally, for the anionic AunOH2 complexes, the water molecule is not physically bonded to 
the gold atoms. However, upon hydrogen atom transfer, one hydrogen atom leaves the water 
molecule and bonds to at least one gold atom, and the remaining OH group becomes bond to the 
gold cluster. 
3.3.1.2 Geometries of HAunOH
+
, HAunOH, and HAunOH
-
 complexes 
 For the cationic HAunOH complexes the most dramatic changes are seen for n=2, 3, and 
4. For n=2, the hydrogen atom that has been transferred is bridge-bonded to a pair of gold atoms. 
For n=3, the hydrogen atom that has been transferred, and the oxygen atom are bridge-bonded to 
different pairs of gold atoms of the gold cluster. For n=4, the oxygen atom is bridge-bonded to a 
pair of gold atoms, with one of these gold atoms possessing the transferred hydrogen atom. For 
the neutral HAunOH complexes, the hydrogen atom that has been transferred, and the oxygen 
atom is bridge-bonded to a pair of gold atoms for n=2 and n=4, respectively. For the anionic 
HAunOH complexes hydrogen bridge-bonding between a pair of gold atoms closest to the 
oxygen atom occurs for n=2, 3, and 4. These limited results suggest that bridge-bonding is more 
favourable for hydrogen than oxygen. Additionally, bridge-bonding is more favourable for 
cationic and neutral complexes than anionic complexes. 
3.3.2 Vibrations of HAunOH
+
, HAunOH, and HAunOH
-
 complexes 
 The vibrations of the AunOH2 complexes are vibrations associated with Aun and H2O, 
and additional vibrations as a result of complex formation. The most important of the additional 
vibrations is the Au-O stretch, since it is most characteristic of the complex. The Au-O stretch 
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frequencies are included in Tables 3.2-3.5. In summary, the frequency of the Au-O stretch 
increased for the cationic, neutral, and anionic species, in going from the AunOH2 complexes to 
the HAunOH complexes. In all cases there is a general correlation between a larger Au-O stretch 
frequency and a smaller Au-O distance. This is not true for AunOHCH3 →HAunOCH3 or 
AunOHC2H5→HAunOC2H5.The vibrational frequencies of AunOHCH3 decreased for the cationic 
complexes, and increased for the neutral and anionic complexes, for all values of n. For 
AunOHC2H5 the vibrational frequencies decreased for n=1 of the cationic, neutral, and anionic 
complexes. For n=2 and n=3, the vibrational frequencies decreased in going from the cationic 
AunOC2H5 complexes to the HAunOC2H5 complexes, but increased in going from the neutral and 
anionic AunOC2H5 complexes to the HAunOC2H5 complexes. For n=4, the vibrational 
frequencies decreased for the cationic and neutral complexes, but increased for the anionic 
complexes. In all cases for R=CH3 and R=C2H5, there is a very good correlation between a 
smaller Au-O distance for the complexes with the transfer of a hydrogen atom from the oxygen 
to gold in comparison to the complexes without the hydrogen atom transfer. 
3.3.3 Energetics of hydrogen atom transfer 
 Thermo-chemical values for the AunOHR → HAunOR reactions at 298 K are included in 
Table 3.1, and are summarized here for simplicity.  We first consider the results for R=H. For the 
cationic complexes, transfer of a hydrogen atom from oxygen to gold is significantly 
unfavourable for n=1-4, as indicated by large positive ΔG values. The entropy changes for these 
reactions are unfavourable for n=2-4, but favourable for n=1, as indicated by the positive value. 
For the neutral complexes, transfer of a hydrogen atom is unfavourable, but not to the large 
extent as the cationic complexes, as indicated by the slightly smaller positive ΔG values. The 
entropy changes for these reactions are unfavourable for all values of n. For n=1 and n=3 of the 
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anionic complexes, the transfer of a hydrogen atom from oxygen to gold is favourable, as 
indicated by the negative ΔG values. However, for n=2 and n=4, the transfer of a hydrogen atom 
is unfavourable. Similar to the neutral complexes, the change in entropy are all unfavourable, 
with negative ΔH values being the driving force for n=1, 3, and 4.  
 For the R=CH3 and R=C2H5 cationic complexes, transfer of the hydrogen atom from 
oxygen to gold is unfavourable for all cases. For the neutral complexes, transfer of the hydrogen 
atom from oxygen to gold is only favourable for R=CH3 when n=1. For the CH3 complexes, only 
the transfer of the hydrogen atom from oxygen to gold is only favourable for n=3, however for 
the R=C2H5 complexes, the transfer is favourable for n=1 and n=3. As noted previously, the 
neutral gold clusters are open-shell for odd values of n, while the cationic and anionic gold 
clusters are open-shell for even values of n. Thus, for these small gold complexes, the ΔG values 
are strongly dependent on the overall charge of the complex, and the number of gold atoms 
within the cluster when an anionic charge is applied. 
3.3.4 Activation energies of hydrogen atom transfer 
 The activation energy of the hydrogen atom transfer for the AunOH2 → HAunOH 
reactions, where n=1, for the cationic, neutral, and anionic cases were calculated. The activation 
energy was calculated from the difference in energy between the transition state and the reactant 
(however, the structure is not shown). For the n=1 cationic, neutral and anionic cases, the 
activation energies were 22.3, 29.8, and 50.9 kJ/mol, respectively. Future work will include 
activation energy calculations for the cationic, neutral and anionic cases for n=2-4. Additionally, 
the rate of hydrogen atom transfer will be studied using transition state theory for all cationic, 
neutral, and anionic complexes. 
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3.4 Conclusions 
 In conclusion, the optimized structures of the cationic, neutral, and anionic gold clusters 
consisting of 1-4 gold atoms, bonded to a single H2O molecule, methanol, and ethanol were 
determined using the BP86/SDD functional. Common trends of these clusters including bond 
lengths, characteristic gold-oxygen vibrational stretching and energetically favourable transfer of 
a hydrogen atom from oxygen to gold were examined. We find that when the number of gold 
atoms is large enough, the overall charge of the complex determines whether one, both or neither 
the hydrogen atom that has been transferred and the oxygen atom are typically bridge-bonded to 
different pairs of gold atoms in the cluster. 
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Chapter 4 Transition state theory of hydrogen atom transfer in alkane thiol-gold cluster 
complexes 
 
4.0 Abstract 
Alkane thiols, RSH, are commonly used in aqueous solutions to stabilize and prevent 
aggregation of gold clusters, Aun. Initially a RSH-Aun complex is formed and, subsequently, 
there is hydrogen atom transfer to form a RSAunH complex. We examine the rate of this reaction 
for small neutral gold clusters, with n=1-2 and short-chain thiols with R = H, CH3, and CH3CH2, 
using transition state theory. The comparison of DFT (with the functionals, BP86 and M06-2X), 
and MP2 was performed. A pseudopotential was employed to account for the large relativisitic 
effects exhibited by gold. Equilibrium geometries and vibrational frequencies of the RSH-Aun 
and RSAunH complexes were obtained, as well as thermo-chemical values for the transfer of a 
hydrogen atom from sulphur to gold. The activation energy and rate of hydrogen atom transfer 
was also determined. 
 
4.1 Introduction 
 Bulk gold is known to be one of the least reactive metals. However, gold nanoclusters 
exhibit unique chemical and physical properties. Research on gold nanoclusters, dates back to 
the late 1800s with Michael Faraday’s interest in the bright colours of gold colloid solutions 
[4.1]. Since then, extensive research has been undertaken to control the size and shape of gold 
nanoclusters to further examine the properties and potential applications in the fields of 
optoelectronics and catalysis [4.2-4.16].  
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Gold exhibits large relativistic effects, which must be accounted for [4.17-4.29]. In 
particular, the contraction of the 6s orbital and the expansion of the 5d orbital, results in a 
smaller than expected 6s/5d energy gap. This contraction/expansion results in gold appearing 
yellow in colour. Without relativistic effects, this energy gap would be larger and there would be 
no absorption of light in the visible region, causing gold to appear colourless or silvery. 
 To prevent aggregation of gold clusters in solution, thiols are often used [4.30-4.45]. 
Sulphur has a strong affinity for gold and sulphur-gold bonds are extremely strong. This property 
leads to monolayers of thiols being formed on the surface of the gold cluster, with the alkane 
thiol substituent protruding away from the gold cluster thereby protecting the gold cluster from 
other functional groups present in solution. Thiols consisting of long-chain branched alkanes 
form a more densely packed monolayer on the surface of the gold cluster, providing further 
stabilization of the gold cluster. 
 The gold-sulphur interaction for gold bonded to alkanethiols and disulphides has been 
studied extensively. In these studies, it has been shown that adsorption of alkanethiols and 
dialkyldisulphides leads to similar alkanethiolate monolayers on the surface of gold. The 
alkanethiolate monolayer forms once dissociation of the disulphide, S-S, or thiol, S-H, bonds 
occurs and the gold-sulphur bond, Au-S, is strengthened. The rate of hydrogen atom transfer 
from the sulphur atom in the alkane thiol ligand to one or more gold atoms within the gold 
cluster is the focus of the present study. Transition state theory will be used to determine the rate 
of hydrogen atom transfer. To make connections with previous experimental and theoretical 
work, we consider neutral gold complexes containing 1-2 gold atoms bonded to short chain 
alkanes. Theoretical work of Li and Hamilton [4.46] examined complexes of small neutral gold 
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clusters and H2S. Additionally, Smith and Hamilton [4.47] examined complexes of small neutral 
and cationic gold clusters containing 1-4 gold atoms bonded to H2S, SHCH3, and SHC2H5. 
 
4.2 Computational Method 
 The Gaussian 09 program package [4.48] was used for all electronic structure 
calculations. Equilibrium structures were obtained from geometry optimizations and vibrational 
frequencies of these structures, which were calculated using the analytical second-order 
derivatives method. All thermochemical values were obtained at 298 K using the standard 
procedure for extrapolating from zero Kelvin. Transition state theory calculations were 
performed using the quadratic synchronous transit (QST) 3 [4.49, 4.50] method. From these 
calculations, the rate of hydrogen atom transfer from sulphur to gold was determined using the 
Eyring-Polanyi Equation [4.51]. 
 For this study, the gradient correlated local exchange functional B [4.52], and the 
correlation functional P86 [4.53] were employed. Additionally, the hybrid meta exchange 
correlation functional, M06-2X [4.54], and ab initio Moller-Plesset second order perturbation 
theory, MP2 [4.55-4.59] were employed. The BP86 functional has been found to give excellent 
results for the thermodynamics of neutral gold clusters [4.60]. The M06-2X functional has been 
found to give excellent results for the activation energies of reactions involving transition metals 
[4.61]. In this study it was found that DFT empirical dispersion correction (DFT-D3) improved 
the performance of barrier height values for the functionals BP86 and M06-2X. 
 As noted above, gold exhibits large relativistic effects and it is essential to account for 
these effects. In this study we used the Stuttgart-Dresden effective core potential [4.62] in 
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combination with the D95 (double zeta) basis set for the alkane thiols. Other relativistic effective 
core potentials, such as Hay-Wadt [4.63, 4.64] have also been shown to yield good results for 
gold. 
 
4.3 Results and Discussion 
4.3.1 BP86 results 
4.3.1.1 Geometries of the complexes 
 The minimum energy structures for the neutral BP86/SDD AunSHR→HAunSR reaction, 
where n=1-2 and R=H, CH3, and C2H5 are illustrated in Schemes 4.1, 4.4, 4.7, 4.10, 4.13, and 
4.16, with selected geometric values included in Tables 4.4, 4.7, 4.10, 4.13, 4.16, and 4.19 in 
Appendix C. 
 From Schemes 4.1 and 4.4, it may be seen that the structures for the AunSH2 complexes 
are similar for the neutral species. From Scheme 4.1 and Table 4.4 it may be seen that for n=1, 
the transition state structure of the AunSHR complex more closely resembles the reactant, 
indicating an early transition state according to Hammond’s Postulate [4.65]. The AuSH2 
transition state structure exhibits hydrogen atom bridge-bonding between the sulphur and gold 
atoms. For n=2, the transition state structure also resembles the reactant, indicating an early 
transition state [4.65]. The Au2SH2 product exhibits hydrogen atom bridge-bonding between the 
two gold atoms. 
 From Schemes 4.7, 4.10, 4.13, and 4.16 the AunSHCH3 and AunSHC2H5 complexes are 
similar in structure. The transition state structures for the reactions AunSHCH3→HAunSCH3 and 
AunSHC2H5→HAunSC2H5 where n=1 and n=2, resemble the products, indicating late transition 
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states [4.65]. The Au2SHC2H5→HAu2SC2H5 transition state structure exhibits hydrogen atom 
bridge-bonding between the two gold atoms. These limited results suggest that hydrogen is more 
likely to bridge-bond than sulphur. Additionally, bridge-bonding is more favorable for closed-
shell gold clusters than open-shell gold clusters. 
4.3.1.1.1 Geometries of the AunSHR complexes 
 Upon hydrogen atom transfer in Au2SH2 to form HAu2SH, the Au1-Au2 bond length 
increases by 0.005 and 0.127 to 2.677 Å, in going from the reactant to the transition state to the 
product. Similarly, the Au1-Au2 bond length increases by 0.067 and 0.002 to 2.616 Å to form 
HAu2SCH3 from Au2SHCH3. In contrast, the Au1-Au2 bond length increases by 0.14 to 2.688 Å, 
between the reactant and transition state, then decreases by 0.001 to 2.687 Å, between the 
transition state and product for the Au2SHC2H5→HAu2SC2H5 reaction. 
 For the neutral AuSH2 complex, the Au-S distance decreases from 2.750 to 2.697 to 
2.412 Å, for the reactant, transition state, and product. For the Au2SH2 complex, the Au-S bond 
distance increases from 2.518 to 2.538 Å for the reactant to the transition state, and decreases 
from 2.538 to 2.349 Å for the transition state to the product. Similar to theAuSH2 complex, the 
Au-S distance for the AuSHCH3 complex decreases from 2.709 to 2.419 to 2.418 Å. However, 
for the Au2SHCH3 complex the Au-S distance decreases from 2.493 to 2.346 Å in going from the 
reactant to the transition state, but increases from 2.346 to 2.348 Å for the transition state to the 
product. The most dramatic difference is for the AunSHC2H5 complexes. For both n=1 and n=2, 
the Au-S bond distance decreases from 2.698 to 2.420 Å and from 2.489 to 2.345 Å, 
respectively, in going from the reactant to the transition state. However, from the transition state 
to the product, there is no change in the gold-sulphur bond distance for n=1 and n=2. 
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4.3.1.2 Vibrations of the AunSHR complexes 
The vibrations of the AunSHR complexes are vibrations associated with Aun and SHR, 
and additional vibrations as a result of complex formation. The most important of the additional 
vibrations is the Au-S stretch, since it is most characteristic of the complex. The Au-S stretch 
frequencies for R=H, are included in Tables 4.4 and 4.7. For n=1, the Au-S stretch increased 
from the reactant to transition state to product. However, for n=2, the Au-S stretch decreased 
from the reactant to the transition state, but increased from the transition state to the product. 
From Tables 4.10 and 4.13, it can be seen that the Au-S stretch for the AuSHCH3 and Au2SHCH3 
complexes increased from the reactant to the transition state, but decreased from the transition 
state to the product. In contrast, the Au-S stretch for the AuSHC2H5 and Au2SHC2H5 complexes 
found in Tables 4.16 and 4.19, differ for n=1 and n=2. For n=1, the Au-S stretch decreased from 
the reactant to the transition state, and increased from the transition state to the product. The 
reverse is true for n=2. For all cases except for the AuSHC2H5complex, there is a good 
correlation between a larger Au-S stretch frequency and a smaller Au-S distance. 
4.3.1.3 Energetics of hydrogen atom transfer 
Thermo-chemical values for the AunSHR→HAunSR reactions at 298 K are included in 
Table 4.1, and are summarized here for simplicity. For R=H, transfer of a hydrogen atom from 
sulphur to gold is favourable for all cases, as indicated by the negative ΔG values. The entropy 
changes for these reactions are unfavourable and they are driven by negative ΔH values. For 
R=CH3 and R=C2H5, the hydrogen atom transfer is favourable for n=1 but unfavourable for n=2. 
Subsequently, the entropy changes for these reactions are unfavourable for n=1 but favourable 
for n=2. The neutral gold clusters are open-shell for odd values of n, and closed-shell for even 
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values of n. Thus, for these small gold complexes, the ΔG values are strongly dependent on the 
reactivity of the gold cluster. 
4.3.1.4 Activation energies of hydrogen atom transfer 
The activation energies for the hydrogen atom transfer for the AunSHR→HAunSR 
reactions were determined, and are included in Table 4.2. For R=H, the calculated activation 
energies were 26.7 kJ/mol and 47.8 kJ/mol, for n=1 and n=2, respectively. For R=CH3 and 
R=C2H5, the calculated activation energies were 25.1 kJ/mol and 35.1 kJ/mol, for n=1, and 28.5 
kJ/mol and 13.9 kJ/mol, for n=2. 
4.3.1.5 Reaction rate constants of hydrogen atom transfer 
Finally, using transition state theory, the reaction rate constants for the hydrogen atom 
transfer in the AunSHR→HAunSR reactions were determined, and are included in Table 4.3. For 
R=H, the calculated reaction rate constants were 1.3x10
8
 s
-1
 and 2.6x10
4
 s
-1
, for n=1 and n=2, 
respectively, using the Eyring-Polanyi equation. For R=CH3 and R=C2H5, the calculated reaction 
rate constants were 2.5x10
8
 s
-1
 and 4.4x10
6
 s
-1
, for n=1, and 6.2x10
7
 s
-1
 and 2.3x10
10
 s
-1
, for n=2. 
4.3.2 M06-2X results 
4.3.2.1 Geometries of the complexes 
 The minimum energy structures for the neutral M06-2X/SDD AunSHR→HAunSR 
reaction, where n=1-2 and R=H, CH3, and C2H5 are illustrated in Schemes 4.2, 4.5, 4.8, 4.11, 
4.14, and 4.17, with selected geometric values included in Tables 4.5, 4.8, 4.11, 4.14, 4.17, and 
4.20 in Appendix C. 
 The structures for theAunSH2 complexes where n=1 and 2, are illustrated in Schemes 4.2 
and 4.5. For n=1 the transition state structure of the AunSH2 complex resembles the product, 
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indicating a late transition state according to Hammond’s Postulate [4.65].  For n=2, the 
transition state structure resembles the reactant, indicating an early transition state.  
 From Scheme 4.8, it can be seen that the transition state structure for the reaction of 
AuSHCH3→HAuSCH3 resembles the reactant, indicating an early transition state [4.65]. From 
Schemes 4.11, 4.14, and 4.17, the transition state structures of the Au2SHCH3→HAu2SCH3 and 
AunSHC2H5→HAunSC2H5 where n=1 and n=2, resembles the product, indicating a late transition 
state [65]. These limited results suggest bridge-bonding does not occur. 
4.3.2.1.1 Geometries of the AunSHR complexes 
 Upon hydrogen atom transfer in Au2SH2 to form HAu2SH, the Au1-Au2 bond length 
remains the same then increases by 0.178 to 2.748 Å, in going from the reactant to the transition 
state to the product. Similarly, the Au1-Au2 bond length increases by 0.198 and 0.339 to 3.109 Å 
to form HAu2SCH3 from Au2SHCH3. In contrast, the Au1-Au2 bond length increases by 0.196 to 
2.769 Å, between the reactant and the transition state, then decreases by 0.018 to 2.751 Å, 
between the transition state and the product for the Au2SHC2H5→HAu2SC2H5 reaction. 
 For the neutral AuSH2 complex, the Au-S distance increases from 2.941 to 2.459 Å in 
going from the reactant to the transition state, and decreases from 2.459 to 2.417 Å in going from 
the transition state to the product. However, for the Au2SH2 complex, the Au-S bond distance 
decreases from 2.644 to 2.643 to 2.363 Å in going from the reactant to the transition state to the 
product. Similar to the AuSH2 complex, the Au-S distance for the AuSHCH3 complex increases 
from 2.883 to 2.887 Å, in going from the reactant to the transition state, and decreases from 
2.887 to 2.561 Å, in going from the transition state to the product. The opposite is true for the 
Au2SHCH3 complex. The Au-S bond distance for the Au2SHCH3 complex decreases from 2.605 
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to 2.347 Å, then increases from 2.347 to 2.612 Å. The Au-S distance for the AunSHC2H5 
complexes are similar for both n=1 and n=2. For n=1, the Au-S distance decreases from 2.876 to 
2.557 Å, then increases from 2.557 to 2.558 Å, in going from the reactant to the transition state 
to the product. Similarly, for n=2, the Au-S distance decreases from 2.600 to 2.345 Å, then 
increases from 2.345 to 2.360 Å. 
4.3.2.2 Vibrations of the AunSHR complexes 
The Au,-S stretch frequencies for R=H, are included in Tables 4.5 and 4.8. For n=1, the 
Au-S stretch increased from the reactant to transition state to product. However, for n=2, the Au-
S stretch decreased from the reactant to the transition state, but increased from the transition state 
to the product. From Table 4.11, it can be seen that the Au-S stretch for the AuSHCH3 complexes 
decreased from the reactant to the transition state, but increased from the transition state to the 
product. In contrast, from Tables 4.14, 4.17, and 4.20, it can be seen that the Au-S stretch for the 
Au2SHCH3, AuSHC2H5, and Au2SHC2H5 complexes, increased from the reactant to the 
transition state but decreased from the transition state to the product. For all cases there is a good 
correlation between a larger Au-S stretch frequency and a smaller Au-S distance. 
4.3.2.3 Energetics of hydrogen atom transfer 
Thermo-chemical values for the AunSHR→HAunSR reactions at 298 K are included in 
Table 4.1, and are summarized here for simplicity. For R=H, CH3, and C2H5, the transfer of a 
hydrogen atom from sulphur to gold is unfavourable for n=1. For n=2, the transfer is 
spontaneous for R=H and R=CH3, but unspontaneous for R=C2H5. The entropy changes for these 
reactions are favourable for n=1, R=CH3, and n=1-2, for R=C2H5. For all other cases, the entropy 
change is unfavourable.  
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4.3.2.4 Activation energies of hydrogen atom transfer 
The activation energies for the hydrogen atom transfer for the AunSHR→HAunSR 
reactions were determined, and are included in Table 4.2. For R=H, the calculated activation 
energies were 32.1 kJ/mol and 0.7 kJ/mol, for n=1 and n=2, respectively. For R=CH3 and 
R=C2H5, the calculated activation energies were 13.6 kJ/mol and 13.5 kJ/mol, for n=1, and 63.7 
kJ/mol and 65.0 kJ/mol, for n=2. 
4.3.2.5 Reaction rate constants of hydrogen atom transfer 
Finally, using transition state theory, the reaction rate constants for the hydrogen atom 
transfer in the AunSHR→HAunSR reactions were determined, and are included in Table 4.3. For 
R=H, the calculated reaction rate constants 1.5x10
7
 s
-1
 and 4.6x10
12
 s
-1 
for n=1 and n=2, 
respectively. For R=CH3 and R=C2H5, the calculated reaction rate constants were 2.6x10
10
 s
-1
 
and 2.7x10
10
 s
-1
for n=1, and 4.2x10
1
 s
-1
 and 2.5x10
1
 s
-1
, for n=2. 
4.3.3 MP2 results 
4.3.3.1 Geometries of the complexes 
 The minimum energy structures for the neutral MP2/SDD AunSHR→HAunSR reaction, 
where n=1-2 and R=H, CH3, and C2H5 are illustrated in Schemes 4.3, 4.6, 4.9, 4.12, 4.15, and 
4.18 with selected geometric values included in Tables 4.6, 4.9, 4.12, 4.15, 4.18, and 4.21 in 
Appendix C. 
The structures for the AuSH2and Au2SH2complexes are illustrated in Schemes 4.3 and 
4.6. The transition state structure of the AuSH2 complex resembles the reactant, indicating an 
early transition state [4.65]. The Au2SH2 transition state structure exhibits hydrogen atom bridge-
bonding between the sulphur and gold atoms. 
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 From Schemes 4.9 and 4.12, it may be seen that the structures for the AuSHCH3 and 
Au2SHCH3 resemble the reactant and product, indicating an early and late transition state, 
respectively. Bridge-bonding occurs for AuSHCH3. From Schemes 4.15 and 4.18, it may be seen 
that the structures for AuSHC2H5 and Au2SHC2H5 resembles the product, indicating late 
transition states [4.65]. For n=1, bridge-bonding occurs between the sulphur and gold atom.  
4.3.3.1.1 Geometries of the AunSHR complexes 
 Upon hydrogen atom transfer in Au2SH2 to form HAu2SH, the Au1-Au2 bond length 
increases by 0.0 and 0.130 to 2.667 Å, in going from the reactant to transition state to product. 
Similarly, the Au1-Au2 bond length increases by 0.013 and 0.115 to 2.666 Å to form HAu2SCH3 
from Au2SHCH3. Additionally, the Au1-Au2 bond length increases by 0.115 and 0.188 to 2.842 
Å, for the Au2SHC2H5→HAu2SC2H5 reaction. 
 For the neutral AuSH2 complex, the Au-S distance increases from 2.780 to 3.255 Å, in 
going from the reactant to the transition state, and decreases from 3.255 to 2.352 Å, in going 
from the transition state to the product. For the Au2SH2 complex, the Au-S bond distance 
decreases from 2.514 to 2.440 to 2.344 Å, in going from the reactant to the transition state to the 
product. The Au-S distance for the AuSHCH3 and Au2SHCH3 complexes are similar to the 
AuSH2 and Au2SH2 complexes. For the AuSHCH3 complex the Au-S distance increases from 
2.694 to 2.702 Å, then decreases from 2.702 to 2.471 Å. For the Au2SHCH3 complex, the Au-S 
bond distance decreases from 2.489 to 2.373 to 2.337 Å, in going from the reactant to the 
transition state to the product. For the AuSHC2H5 complex, the Au-S distances are similar to the 
AuSH2 and AuSHCH3 complexes. For the AuSHC2H5 complex, the Au-S distance increases 
from 2.687 to 3.613 Å, then decreases from 3.613 to 2.471 Å. The opposite is true for the 
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Au2SHC2H5 complex, such that the Au-S distance decreases from 2.486 to 2.331 Å, then 
increases from 2.331 to 2.530 Å. 
4.3.3.2 Vibrations of the AunSHR complexes 
The Au-S stretch frequencies for the AunSH2 complexes are included in Tables 4.6 and 
4.9. For n=1, the Au-S stretch decreased from the reactant to transition state, but increased from 
the transition state to the product. The opposite is true for n=2. From Table 4.12, it can be seen 
that the Au-S stretch for the AuSHCH3 complex decreased from the reactant to the transition 
state, but increased from the transition state to the product. However from Table 4.15, the Au-S 
stretch for the Au2SHCH3 complex increased from the reactant to transition state to product. The 
Au-S stretch for the AuSHC2H5 and Au2SHC2H5 complexes are found in Tables 4.18 and 4.21. 
For both complexes, the Au-S stretch increases from the reactant to the transition state, but 
decreases from the transition state to the product. There is a good correlation between a larger 
Au-S stretch frequency and a smaller Au-S distance for all cases except for the Au2SH2 and 
AuSHC2H5 complexes.  
4.3.3.3 Energetics of hydrogen atom transfer 
Thermo-chemical values for the AunSHR→HAunSR reactions at 298K are included in 
Table 4.1, and are summarized here for simplicity. For R=H, transfer of a hydrogen atom from 
sulphur to gold is favourable for all cases, as indicated by the negative ΔG values. The entropy 
changes for these reactions are unfavourable and they are driven by the negative ΔH values. For 
R=CH3 and R=C2H5, the hydrogen atom transfer is favourable for n=1 and unfavourable for n=2. 
The entropy changes for these reactions are favourable for all complexes except for Au2SHCH3. 
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4.3.3.4 Activation energies of hydrogen atom transfer 
The activation energies for the hydrogen atom transfer in the AunSHR→HAunSR 
reactions were determined, and are included in Table 4.2. For R=H, the calculated activation 
energies were 3.0 kJ/mol and 67.7 kJ/mol, for n=1 and n=2, respectively. For R=CH3 and 
R=C2H5, the calculated activation energies were 5.9 kJ/mol and 64.2 kJ/mol, for n=1, and 77.5 
kJ/mol and 71.4 kJ/mol, for n=2. 
4.3.3.5 Reaction rate constants of hydrogen atom transfer 
Finally, using transition state theory, the reaction rate constants for the hydrogen atom 
transfer in the AunSHR→HAunSR reactions were determined, and are included in Table 4.3. For 
R=H, the calculated reaction rate constants were 1.9x10
12
 s
-1
 and 8.7x10
0
 s
-1
,for n=1 and n=2, 
respectively. For R=CH3 and R=C2H5, the calculated reaction rate constants were 5.8x10
11
 s
-1
 
and 3.6x10
1
 s
-1
, for n=1, and 1.7x10
-1
 s
-1
 and 1.9x10
0
 s
-1
, for n=2. 
4.3.5 Optimum choice of functional for DFT calculations 
Of the commonly used methods, coupled cluster CCSD(T) calculations provide the most 
accurate results for the activation energy of a reaction [4.61]. In the absence of coupled cluster 
results, MP2 calculations are used in comparison with the DFT functions, BP86, and M06-2X, to 
determine the optimum functional. By comparing the thermochemical values, activation 
energies, and reaction rate constants for BP86 and M06-2X to the MP2 results, it was determined 
that the optimum DFT functional depends on the number of gold atoms within the cluster. For 
odd number of gold atoms, BP86 provided similar results to the MP2 calculations. The 
thermochemical values were similar, such that all values were largely negative. The activation 
energies and reaction rate constants were more similar to the BP86 results than the M06-2X 
results, although there were substantial differences in the values. For even number of gold atoms, 
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M06-2X provided similar results to the MP2 calculations. The thermochemical values were 
similar in magnitude with agreement of being negative or positive. Similarly, the activation 
energies and reaction rate constants were more similar to the M06-2X results than the BP86 
results, although substantial differences in values were present. Therefore the BP86 functional 
and the M06-2X functional provide similar results to the MP2 calculations, for odd and even 
number of gold atoms, respectively. 
 
4.4 Conclusions 
In conclusion, the optimized structures of neutral gold clusters consisting of 1-2 gold 
atoms bonded to dihydrogen sulphide, methane thiol and ethane thiol were determined using the 
BP86/SDD and M06-2X/SDD functionals, and MP2/SDD. Common trends of these clusters 
including bond lengths, characteristic gold-sulphur vibrational stretching and energetically 
favourable transfer of a hydrogen atom from sulphur to gold were examined. The activation 
energies and the rate of the hydrogen atom transfer were also determined.  
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Chapter 5 Significance and Future Work 
 
5.1 Significance of the Research 
 Gold has been used since ancient times for decorative and monetary purposes. However, 
until recently the properties of gold nanoclusters and gold colloids were poorly understood, due 
to the lack of experimental and theoretical techniques, which prohibited their quantitative study 
[5.1-5.6]. 
 Bulk gold is known to be one of the least reactive metals. However, gold nanoclusters 
and colloids exhibit extraordinary chemical and physical properties, due to their uniformity, 
stability, and size-related characteristics [5.1, 5.7]. These unique attributes of gold nanoclusters 
and colloids lead to promising applications in biosensors, optoelectronics, drug delivery [5.5, 
5.8] and catalysis [5.9-5.13]. In particular, previous studies have shown that gold nanoclusters 
can be used as catalysts for the oxidation of carbon monoxide at low temperatures [5.9, 5.14, 
5.15]. Of importance to the current study, it has been found that the active site typically consists 
of a smaller number of gold atoms. 
 Therefore the unique physical and chemical properties of gold clusters must be better 
understood, to develop present applications and explore future utilizations of gold nanoclusters 
and colloids. 
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5.2 Future Work 
The following is a summary of the conclusions from the experimental chapters of this 
thesis. In each section the original objectives will be addressed and ideas for future work will be 
discussed. 
5.2.1 Objective 1 
Objective 1: To determine the minimum energy structures of hydrogen atom transfer of cationic 
and neutrally charged gold clusters consisting of 1-4 gold atoms bonded to dihydrogen sulphide, 
H2S, methane thiol, SHCH3, and ethane thiol, SHC2H5. 
This objective was met by Chapter 2: Hydrogen atom transfer in alkane thiol-gold cluster 
complexes: A density functional theory study. The optimized structures of neutral and cationic 
gold clusters consisting of 1-4 gold atoms, bonded to dihydrogen sulphide, methane thiol and 
ethane thiol were determined using the BP86/SDD [5.19-5.21] functional. Common trends of 
these clusters including bond lengths, characteristic gold-sulphur vibrational stretching and 
energetically favourable transfer of a hydrogen atom from sulphur to gold were examined. It was 
found that when the number of gold atoms is large enough, both the hydrogen atom that has been 
transferred and the sulphur atom are typically bridge-bonded to different pairs of gold atoms in 
the cluster. A future study would be to calculate activation energies for larger values of n, and for 
longer alkyl chains. The rate of hydrogen atom transfer could be calculated using transition state 
theory. This future study was completed, with the results summarized and included in Chapter 4 
of this thesis. 
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5.2.2 Objective 2 
Objective 2: To determine the minimum energy structures of hydrogen atom transfer of cationic, 
neutral and anionic charged gold clusters consisting of 1-4 gold atoms bonded to a single water 
molecule, methanol, and ethanol. 
This objective was met by Chapter 3: Hydrogen atom transfer in gold-oxygen cluster 
complexes: A density functional theory study. The optimized structures of the cationic, neutral, 
and anionic gold clusters consisting of 1-4 gold atoms, bonded to a single H2O molecule, 
methanol, and ethanol were determined using the BP86/SDD [5.19-5.21] functional. Common 
trends of these clusters including bond lengths, characteristic gold-oxygen vibrational stretching 
and energetically favourable transfer of a hydrogen atom from oxygen to gold were examined. It 
was found that when the number of gold atoms is large enough, the overall charge of the 
complex determines whether one, both or neither the hydrogen atom that has been transferred 
and the oxygen atom are typically bridge-bonded to different pairs of gold atoms in the cluster. A 
future study would be to calculate the activation energies for larger values of n, and for R=CH3 
and R=C2H5. Additionally, by using transition state theory, the rate of hydrogen atom transfer 
could be calculated. A future study would be to calculate activation energies for larger values of 
n, and for longer alkyl chains. The rate of hydrogen atom transfer could be calculated using 
transition state theory. 
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5.2.3 Objective 3 
Objective 3: To determine the rate of hydrogen atom transfer of neutrally charged gold clusters 
consisting of 1-2 gold atoms bonded to dihydrogen sulphide, H2S, methane thiol, SHCH3, and 
ethane thiol, SHC2H5. 
 This objective was met by Chapter 4: Transition state theory of hydrogen atom transfer in 
alkane thiol-gold cluster complexes. The optimized structures of the neutral gold clusters 
consisting of 1-2 gold atoms, bonded to dihydrogen sulphide, methane thiol and ethane thiol 
were determined using the BP86/SDD [5.19-5.21], M06-2X/SDD [5.22] functionals and 
MP2/SDD [5.23-5.27]. Common trends of these clusters including bond lengths, characteristic 
gold-sulphur vibrational stretching and energetically favourable transfer of a hydrogen atom 
from sulphur to gold were examined. Using transition state theory, the activation energies and 
the rate reaction constants for the transfer of a hydrogen atom from sulphur to gold was also 
determined. A future study would be to calculate the activation energies and rate of hydrogen 
atom transfer for gold complexes with a larger number of gold atoms, longer alkyl substituents, 
and a cationic charge on the complex to make connections with other studies.  
 
 
 
 
 
 
92 
 
5.3 References 
[5.1] Daniel, M.-C., Astruc, D. Gold Nanoparticles: Assembly, Supramolecular Chemistry, 
Quantum-Size-Related Properties, and Applications toward Biology, Catalysis, and 
Nanotechnology. Chemical Reviews. 104 (2004) 293-346. 
[5.2] Schwerdtfeger, P., Lein, M. Gold Chemistry. Current Trends and Future Directions. F. 
Mohr (Ed.) Wiley, New York, 2009, pp. 183. 
[5.3] Schwerdtfeger, P. Gold Goes Nano- From Small Clusters to Low-Dimensional Assemblies. 
Angewandte Chemie International Edition. 42 (2003) 1892-1895. 
[5.4] Pykkö, P. Theoretical Chemistry of Gold. Angewandte Chemie International Edition. 43 
(2004) 4412-4456. 
[5.5] Pykkö, P. Theoretical chemistry of gold. II. Inorganica Chimica Acta. 358 (2005) 4113-
4130.  
[5.6] Pykkö, P. Theoretical chemistry of gold. III. Chemical Society Reviews. 37 (2008) 1967-
1997. 
[5.7] Kim, T., Lee, K., Gong, M.S., Joo, S.W., Control of Gold Nanoparticle Aggregates by 
Manipulation of Interparticle Interaction. Langmuir. 21 (2005) 9524-9528. 
[5.8] Kang, G.J., Chen, Z.X., Li, Z., He, X. A theoretical study of the effects of the charge state 
and size of gold clusters on the adsorption and dissociation of H2. The Journal of Chemical 
Physics. 130 (2009) 034701-034706. 
[5.9] Haruta, M. Size- and support-dependency in the catalysis of gold. Catalysis Today. 36 
(1997) 153-166. 
93 
 
[5.10] Sanchez, A., Abbet, S., Heiz, U., Schneider, U.-D., Häkkinen, H., Barnett, R.N., 
Landman, U. When Gold Is Not Noble: Nanoscale Gold Catalysis. The Journal of Physical 
Chemistry A. 103 (1999) 9573-9578. 
[5.11] Cleveland, C.L., Landman, U., Schaaff, T.G., Shafigullin, M.N., Stephens, P.W., Whetten, 
R.L. Structural Evolution of Smaller Gold Nanocrystals: The Truncated Decahedral Motif. 
Physical Review Letters. 79 (1997) 1873-1876. 
[5.12] Leff, D.V., Ohara, P.C., Heath, J.R., Gelbart, W.M. Thermodynamic Control of Gold 
Nanocrystal Size: Experiment and Theory. The Journal of  Physical Chemistry. 99 (1995) 7036-
7041. 
[5.13] Ohara, P.C., Leff, D.V., Heath, J.R., Gelbart, W.M., Crystallization of Opals from 
Polydisperse Nanoparticles. Physical Review Letters. 75 (1995) 3466-3469. 
[5.14] Bond, G.C., Louis, C., Thomspon, D.T. Catalysis by Gold. Catalytic Science Series, Vol. 
6, Imperial College Press. London, 2006. 
[5.15] Ishida, T., Haruta, M. Gold Catalysts: Towards Sustainable Chemistry. Angewandte 
Chemie International Edition. 46 (2007) 7154-7156. 
[5.16] Becke, A.D. Density-functional exchange-energy approximation with correct asymptotic 
behaviour. Physical Review A. 38 (1988) 3098-3100. 
[5.17] Perdew, J.P. Density-functional approximation for the correlation energy of the 
inhomogeneous electron gas. Physical Review B. 33 (1986) 8822-8824. 
[5.18] Andrae, D., Haussermann, U., Dolg, M., Stoll, H., Preuss, H. Energy-adjusted ab initio 
pseudopotentials for the second and third row transition metals. Theoretical Chemistry Accounts. 
77 (1990) 123-141. 
94 
 
[5.19] Zhao, Y., Truhlar, D.G. The M06 suite of density functionals for main group 
thermochemistry, thermochemical kinetics, noncovalent interactions, excited states, and 
transition elements: two new functionals and systematic testing of four M06-class functionals 
and 12 other functionals. Theoretical Chemistry Accounts. 120 (2008) 215-241. 
[5.20] Frisch, M.J., Head-Gordon, M., Pople, J.A. Direct MP2 gradient method. Chemical 
Physics Letters. 166 (1990) 275-280.  
[5.21] Frisch, M.J., Head-Gordon, M., Pople, J.A. Semi-direct algorithms for the MP2 energy 
and gradient. Chemical Physics Letters. 166 (1990) 281-289. 
[5.22] Head-Gordon, M., Head-Gordon, T. Analytic MP2 Frequencies Without Fifth Order 
Storage: Theory and Application to Bifurcated Hydrogen Bonds in the Water Hexamer. 
Chemical Physics Letters. 220 (1994) 122-128. 
[5.23] Head-Gordon, M., Pople, J.A., Frisch, M.J. MP2 energy evaluation by direct methods. 
Chemical Physics Letters. 153 (1988) 503-506. 
[5.24] Saebø, S., Almlöf, J. Avoiding the integral storage bottleneck in LCAO calculations of 
electron correlation. Chemical Physics Letters. 154 (1989) 83-89. 
  
 
 
 
 
 
 
 
 
95 
 
Appendix A 
A.1 Supplementary information for Chapter 2: Hydrogen atom transfer in alkane thiol-gold 
cluster complexes: A density functional theory study. 
Table 2.1 Thermochemical values at 298 K for hydrogen atom transfer from sulphur to gold, for 
the gold cluster complexes with hydrogen sulphide, H2S, methane (Me) thiol, SHCH3, and 
ethane (Et) thiol, SHCH3CH2. Energies in kJ/mol and entropies in J/mol/K. 
 Cationic Neutral Anionic 
ΔG ΔS ΔH ΔHo ΔG ΔS ΔH ΔHo ΔG ΔS ΔH ΔHo 
AuSH2 
 
HAuSH 
 
106.4 
 
6.5 
 
108.2 
 
-6.2 
 
-48.0 
 
-10.9 
 
-51.1 
 
-4.4 
 
-87.5 
 
-7.2 
 
-89.6 
 
2.5 
Au2SH2 
  
HAu2SH 
 
-6.2 
 
-0.9 
 
-6.5 
 
-7.0 
 
-19.5 
 
-4.9 
 
-13.3 
 
-5.7 
 
-51.2 
 
-12.4 
 
-54.7 
 
3.4 
Au3SH2 
 
HAu3SH 
 
35.9 
 
-9.0 
 
33.3 
 
-5.2 
 
-51.7 
 
-33.8 
 
-61.4 
 
-5.2 
 
Au4SH2 
 
HAu4SH 
 
12.9 
 
-27.4 
 
5.0 
 
-6.6 
 
-79.8 
 
-45.3 
 
-92.8 
 
-7.1 
 
AuSHMe 
 
HAuSMe 
 
101.3 
 
8.6 
 
103.8 
 
-6.2 
 
-50.3 
 
-2.7 
 
-51.1 
 
-4.5 
 
-76.3 
 
-8.0 
 
-78.6 
 
1.7 
Au2SHMe
 
HAu2SMe 
 
-19.9 
 
6.5 
 
-18.0 
 
-6.8 
 
25.1 
 
16.4 
 
29.8 
 
-5.3 
 
-38.3 
 
-26.7 
 
-46.0 
 
1.6 
Au3SHMe
 
HAu3SMe 
 
40.9 
 
-10.2 
 
38.0 
 
-5.5 
 
-55.2 
 
-21.3 
 
-61.3 
 
-5.1 
 
Au4SHMe
 
HAu4SMe 
 
-6.9 
 
21.8 
 
-0.6 
 
-6.0 
 
-62.7 
 
-36.7 
 
-73.2 
 
-7.2 
 
AuSHEt 
 
HAuSEt 
 
104.7 
 
5.7 
 
106.4 
 
-6.6 
 
-47.7 
 
-9.7 
 
-50.5 
 
-4.4 
 
-118.4 
 
-32.2 
 
-127.6 
 
-4.0 
Au2SHEt 
  
HAu2SEt 
 
-18.8 
 
9.2 
 
-16.1 
 
-6.9 
 
0.2 
 
0.4 
 
0.3 
 
-5.9 
 
-79.1 
 
-14.7 
 
-83.3 
 
-5.6 
Au3SHEt 
  
HAu3SEt 
 
39.8 
 
-4.2 
 
38.6 
 
-5.3 
 
-44.2 
 
-12.4 
 
-47.7 
 
-4.9 
 
Au4SHEt 
 
HAu4SEt 
 
-8.2 
 
34.3 
 
1.7 
 
-5.9 
 
-60.7 
 
 
-33.2 
 
-70.2 
 
-6.8 
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Scheme 2.1 Minimum energy structures of [AuSH2]
+→[HAuSH]+. 
 
 
 
 
→ 
 
 
 
 
     
 
                         
Scheme 2.2 Minimum energy structures of AuSH2→HAuSH. 
 
 
 
 
→ 
 
 
 
 
    
 
         
Scheme 2.3 Minimum energy structures of [AuSH2]
-→[HAuSH]-. 
 
 
 
 
 
→ 
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Table 2.2 BP86/SDD AuSH2 Geometries. Bond lengths in Å and vibrations in cm
-1 
(intensities 
in parentheses in km/mol). 
 
 Cationic Neutral Anionic 
Reactant Product Reactant Product Reactant Product 
Au-S 2.420 2.346 2.750 2.412 3.438 2.471 
H1-S 1.393 1.401 1.387 1.393 1.339 1.393 
H1-S-H2 95.462 91.132 94.142 97.308 91.167 96.294 
H1-S-Au1 99.378 95.699 95.326 97.707 88.375 96.162 
Au-S  
Stretch 
267.48 
(1.0) 
280.80 
(2.9) 
146.19 
(5.8) 
284.13 
(0.0) 
197.92 
(1.6) 
273.02 
(26.1) 
 
 
 
Scheme 2.4 Minimum energy structures of [Au2SH2]
+→[HAu2SH]
+
. 
 
 
 
→ 
 
 
            
 
        
Scheme 2.5 Minimum energy structures of Au2SH2→HAu2SH. 
 
 
 
 
→ 
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Scheme 2.6 Minimum energy structures of [Au2SH2]
- → [HAu2SH]
-
. 
 
 
 
 
 
 
→ 
 
 
 
 
 
 
  
 
 
Table 2.3 BP86/SDD Au2SH2 Geometries. Bond lengths in Å and vibrations in cm
-1 
(intensities 
in parentheses in km/mol). 
 
 Cationic Neutral Anionic 
Reactant Product Reactant Product Reactant Product 
Au-S 2.447 2.378 2.518 2.349 3.406 2.468 
H1-S 1.391 1.400 1.389 1.393 1.626 6.673 
Au1-Au2 2.629 2.669 2.545 2.677 2.678 2.670 
H1-S-H2 95.498 112.275 94.374 95.820 90.270 93.759 
H1-S-Au1 100.854 98.656 100.309 96.047 1.558 8.996 
S-Au1-Au2 168.042 173.248 178.971 171.977 177.375 159.093 
Au-S 
stretch 
260.74 
(0.0) 
299.43 
(4.4) 
225.08 
(10.8) 
344.96 
(11.7) 
191.41 
(15.3) 
256.91 
(24.3) 
 
 
 
 
Scheme 2.7 Minimum energy structures of [Au3SH2]
+→[HAu3SH]
+
. 
 
 
→ 
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Scheme 2.8 Minimum energy structures of Au3SH2→HAu3SH. 
 
 
→ 
 
 
  
 
 
Table 2.4 BP86/SDD Au3SH2 Geometries. Bond lengths in Å and vibrations in cm
-1 
(intensities 
in parentheses in km/mol). 
 
 Cationic Neutral 
Reactant Product Reactant Product 
Au1-S 2.478 2.412 2.498 2.356 
H1-S 1.389 1.398 1.390 1.394 
Au1-Au2 2.713 2.999 2.676 2.662 
Au1-Au3 2.703 5.450 2.676 2.662 
Au2-Au3 2.622 2.680 2.773 2.688 
H1-S-H2 95.526 97.588 94.391 96.111 
H1-S-Au1 100.951 96.500 101.037 96.888 
S-Au1-Au2 147.718 52.730 148.788 148.811 
S-Au1-Au3 154.366 67.995 148.800 148.811 
Au2-Au1-Au3 57.916 15.388 62.406 60.090 
Au-S  
stretch 
246.59 
(1.8) 
312.57 
(0.7) 
224.94 
(3.0) 
332.37 
(5.7) 
 
 
 
 
Scheme 2.9 Minimum energy structures of [Au4SH2]
+ →[HAu4SH]
+
. 
 
 
→ 
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Scheme 2.10 Minimum energy structures of Au4SH2→HAu4SH.                     
 
 
→ 
 
 
  
 
 
 
 
Table 2.5 BP86/SDD Au4SH2 Geometries. Bond lengths in Å and vibrations in cm
-1 
(intensities 
in parentheses in km/mol). 
 
 Cationic Neutral 
Reactant Product Reactant Product 
Au1-S 2.507 2.362 2.503 2.515 
H1-S 1.389 1.398 1.388 1.393 
Au1-Au2 2.780 2.648 2.801 3.052 
Au1-Au4 2.757 4.976 2.642 4.715 
Au2-Au3 4.681 2.620 4.814 2.882 
Au3-Au4 2.667 2.706 2.693 2.671 
Au1-Au3 2.748 2.762 2.801 2.676 
H1-S-H2 95.361 107.657 94.538 98.882 
H1-S-Au1 100.722 98.153 100.851 97.683 
S-Au1-Au2 112.408 154.837 120.760 154.837 
S-Au1-Au4 170.162 123.353 178.967 84.544 
Au2-Au1-Au3 115.713 57.876 118.450 59.986 
Au-S  
stretch 
234.52 
(2.8) 
316.15 
(0.5) 
224.51 
(4.2) 
275.83 
(11.8) 
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Scheme 2.11 Minimum energy structures of [AuSHCH3]
+→[HAuSCH3]
+
. 
 
 
→ 
 
 
  
  
  
  
Scheme 2.12 Minimum energy structures of AuSHCH3→HAuSCH3. 
 
 
→ 
 
 
 
 
  
 
   
Scheme 2.13 Minimum energy structures of [AuSHCH3]
-→ [HAuSCH3]
-
. 
 
 
→ 
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Table 2.6 BP86/SDD AuSHCH3 Geometries. Bond lengths in Å and vibrations in cm
-1 
(intensities in parentheses in km/mol). 
 
 Cationic Neutral Anionic 
Reactant Product Reactant Product Reactant Product 
Au-S 2.403 2.352 2.709 2.418 3.436 2.466 
H1-S 1.394 3.948 1.389 2.773 1.569 4.086 
C-S 1.926 1.886 1.905 1.892 1.895 1.907 
H1-S-C 98.538 105.273 97.254 101.380 93.323 103.998 
H1-S-Au1 98.204 8.741 95.908 34.370 4.986 0.471 
Au-S 
stretch 
285.72 
(7.0) 
354.73 
(3.9) 
159.72 
(0.1) 
273.86 
(0.8) 
205.53 
(0.6) 
272.72 
(25.9) 
 
 
 
 
Scheme 2.14 Minimum energy structures of [Au2SHCH3]
+ → [HAu2SCH3]
+
. 
 
 
 
→ 
 
 
 
 
 
  
 
  
Scheme 2.15 Minimum energy structures of Au2SHCH3→HAu2SCH3. 
 
 
 
→ 
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Scheme 2.16 Minimum energy structures of [Au2SHCH3]
- → [HAu2SCH3]
-
. 
 
 
 
 
→ 
 
 
 
 
 
 
 
 
Table 2.7 BP86/SDD Au2SHCH3 Geometries. Bond lengths in Å and vibrations in cm
-1 
(intensities in parentheses in km/mol). 
 
 Cationic Neutral Anionic 
Reactant Product Reactant Product Reactant Product 
Au1-S 2.431 2.385 2.493 2.348 3.410 2.470 
H1-S 1.391 5.930 1.390 4.135 1.602 6.671 
C-S 1.915 1.885 1.911 1.903 1.894 1.903 
Au1-Au2 2.610 2.683 2.547 2.616 2.680 2.674 
H1-S-C 98.764 105.369 97.268 95.914 94.237 99.671 
H1-S-Au1 100.435 1.569 100.042 10.858 3.110 11.034 
S-Au1-Au2 165.353 167.373 179.019 155.105 177.290 157.081 
Au-S 
stretch 
272.05 
(13.9) 
296.16 
(0.4) 
240.36 
(0.7) 
336.56 
(24.4) 
215.19 
(27.3) 
253.99 
(21.7) 
 
 
 
 
 
Scheme 2.17 Minimum energy structures of [Au3SHCH3]
+
 →[HAu3SCH3]
+
. 
 
 
 
→ 
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Scheme 2.18 Minimum energy structures of Au3SHCH3→HAu3SCH3. 
 
 
 
→ 
 
 
  
   
 
 
Table 2.8 BP86/SDD Au3SHCH3 Geometries. Bond lengths in Å and vibrations in cm
-1 
(intensities in parentheses in km/mol). 
 
 Cationic Neutral 
Reactant Product Reactant Product 
Au1-S 2.517 2.403 2.459 2.354 
H1-S 1.390 4.173 1.390 5.411 
S-C 1.910 1.924 1.918 1.901 
Au1-Au2 2.580 3.004 2.708 2.718 
Au1-Au3 4.799 5.446 2.720 2.660 
Au2-Au3 2.624 2.682 2.619 2.690 
H1-S-C 97.446 106.951 98.655 102.290 
H1-S-Au1 99.399 68.216 100.031 33.379 
S-Au1-Au2 178.906 52.458 155.180 149.287 
S-Au1-Au3 158.124 68.020 147.091 59.998 
Au2-Au1-Au3 22.970 15.739 57.700 150.682 
Au-S  
stretch 
223.67 
(24.3) 
313.35 
(1.0) 
259.95 
(4.4) 
329.03 
(5.4) 
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Scheme 2.19 Minimum energy structures of [Au4SHCH3]
+
 →[HAu4SCH3]
+
.  
 
 
→ 
 
 
 
 
 
 
  
 
          
Scheme 2.20 Minimum energy structures of Au4SHCH3→HAu4SCH3. 
 
 
→ 
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Table 2.9 BP86/SDD Au4SHCH3 Geometries. Bond lengths in Å and vibrations in cm
-1 
(intensities in parentheses in km/mol). 
 
 Cationic Neutral 
Reactant Product Reactant Product 
Au1-S 2.478 2.389 2.464 2.501 
H1-S 1.389 4.107 1.389 4.187 
S-C 1.912 1.887 1.916 1.915 
Au1-Au2 2.815 2.740 2.698 2.681 
Au1-Au3 2.645 5.212 2.694 4.713 
Au1-Au4 2.801 5.213 4.462 3.054 
Au2-Au3 2.693 2.733 2.662 2.668 
Au3-Au4 2.690 2.609 2.632 2.671 
H1-S-C 97.372 100.130 98.700 107.409 
H1-S-Au1 100.378 166.344 100.089 156.589 
S-Au1-Au2 119.624 155.436 142.867 112.579 
S-Au1-Au4 122.250 142.567 125.280 52.414 
Au2-Au1-Au3 58.999 17.739 59.184 28.144 
Au-S  
stretch 
240.75 
(5.4) 
295.66 
(0.6) 
255.09 
(7.0) 
280.10 
(12.6) 
 
 
 
Scheme 2.21 Minimum energy structures of [AuSHC2H5]
+
 →[HAuSC2H5]
+
. 
 
 
 
→ 
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Scheme 2.22 Minimum energy structures of AuSHC2H5→HAuSC2H5. 
 
 
 
→ 
 
 
 
 
  
 
  
Scheme 2.23 Minimum energy structures of [AuSHC2H5]
-
 →[HAuSC2H5]
-
. 
 
 
→ 
 
 
 
 
 
 
 
Table 2.10 BP86/SDD AuSHC2H5 Geometries. Bond lengths in Å and vibrations in cm
-1 
(intensities in parentheses in km/mol). 
 
 Cationic Neutral Anionic 
Reactant Product Reactant Product Reactant Product 
Au-S 2.398 2.350 2.698 2.420 5.693 2.470 
H1-S 1.394 2.837 1.389 3.947 1.390 4.090 
C1-S 1.978 1.905 1.925 1.907 1.933 1.909 
C1-C2 1.529 1.529 1.535 1.536 1.534 1.543 
H1-S-C1 97.707 95.772 96.672 105.516 96.700 103.952 
H1-S-Au1 98.069 33.508 96.335 8.975 89.150 0.524 
Au-S 
stretch 
352.32 
(1.3) 
287.00 
(1.8) 
314.77 
(2.0) 
266.88 
(0.6) 
36.53 
(2.0) 
279.67 
(19.1) 
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Scheme 2.24 Minimum energy structures of [Au2SHC2H5]
+
 →[HAu2SC2H5]
+
. 
 
 
 
→ 
 
 
 
 
 
 
 
 
Scheme 2.25 Minimum energy structures of Au2SHC2H5→HAu2SC2H5. 
 
 
 
→ 
 
 
 
 
 
 
 
Scheme 2.26 Minimum energy structures of [Au2SHC2H5]
-
 →[HAu2SC2H5]
-
. 
 
 
→ 
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Table 2.11 BP86/SDD Au2SHC2H5 Geometries. Bond lengths in Å and vibrations in cm
-1 
(intensities in parentheses in km/mol). 
 
 Cationic Neutral Anionic 
Reactant Product Reactant Product Reactant Product 
Au1-S 2.426 2.381 2.489 2.345 5.518 2.467 
H1-S 1.391 4.121 1.391 3.913 1.338 6.668 
C1-S 1.958 1.921 1.935 1.918 1.926 1.913 
C1-C2 1.531 1.530 1.533 1.537 1.533 1.542 
Au1-Au2 2.608 2.685 2.548 2.687 2.684 2.672 
H1-S-C1 98.067 96.001 96.714 104.336 95.925 100.694 
H1-S-Au1 100.395 11.106 99.893 13.943 81.407 10.678 
S-Au1-Au2 164.303 167.985 179.830 172.619 93.733 157.386 
Au-S  
stretch 
345.72 
(4.8) 
372.29 
(2.0) 
334.01 
(6.7) 
359.37 
(8.2) 
316.87 
(3.0) 
343.21 
(9.7) 
 
 
 
Scheme 2.27 Minimum energy structures of [Au3SHC2H5]
+
 → [HAu3SC2H5]
+
. 
 
 
 
→ 
 
 
  
 
 
   
Scheme 2.28 Minimum energy structures of Au3SHC2H5→HAu3SC2H5. 
 
 
 
→ 
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Table 2.12 BP86/SDD Au3SHC2H5 Geometries. Bond lengths in Å and vibrations in cm
-1 
(intensities in parentheses in km/mol). 
 
 Cationic Neutral 
Reactant Product Reactant Product 
Au1-S 2.452 2.398 2.471 2.352 
H1-S 1.390 4.165 1.390 5.410 
C1-S 1.958 1.963 1.942 1.922 
C1-C2 1.530 1.533 1.532 1.536 
Au1-Au2 2.722 3.021 2.650 2.719 
Au1-Au3 2.708 5.460 2.716 2.660 
Au2-Au3 2.618 2.683 2.766 2.689 
H1-S-C1 97.938 106.709 96.708 102.123 
H1-S-Au1 100.000 68.887 100.031 33.493 
S-Au1-Au2 146.675 52.068 158.634 149.096 
S-Au1-Au3 155.644 15.807 139.319 59.981 
Au2-Au1-Au3 57.654 67.670 62.044 150.905 
Au-S  
stretch 
343.44 
(7.2) 
365.49 
(1.9) 
334.48 
(1.3) 
389.89 
(7.8) 
 
 
 
Scheme 2.29 Minimum energy structures of [Au4SHC2H5]
+
 →[HAu4SC2H5]
+
. 
 
 
→ 
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Scheme 2.30 Minimum energy structures of Au4SHC2H5→HAu4SC2H5. 
 
 
→ 
 
 
 
 
 
 
 
 
Table 2.13 BP86/SDD Au4SHC2H5 Geometries. Bond lengths in Å and vibrations in cm
-1 
(intensities in parentheses in km/mol). 
 
 Cationic Neutral 
Reactant Product Reactant Product 
Au1-S 2.475 2.387 2.472 2.498 
H1-S 1.890 4.104 1.391 4.186 
C1-S 1.957 1.918 1.948 1.935 
C1-C2 1.530 1.531 1.531 1.535 
Au1-Au2 2.741 2.739 2.620 2.681 
Au1-Au3 2.787 5.172 2.778 3.055 
Au1-Au4 2.775 5.258 4.777 4.713 
Au2-Au3 4.663 2.733 2.707 2.895 
Au3-Au4 2.675 2.609 2.578 2.671 
H1-S-C1 97.873 100.255 96.794 107.339 
H1-S-Au1 99.477 5.863 98.299 9.793 
S-Au1-Au2 137.512 155.606 177.809 112.506 
S-Au1-Au4 164.908 146.088 96.169 84.359 
Au2-Au1-Au3 115.052 19.033 60.118 60.199 
Au-S  
stretch 
337.19  
(7.1) 
372.00 
(2.2) 
333.25 
(5.3) 
275.29 
(6.3) 
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Appendix B 
B.1 Supplementary information for Chapter 3: Hydrogen atom transfer in gold-oxygen cluster 
complexes: A density functional theory study. 
Table 3.1 Thermochemical values at 298 K for hydrogen atom transfer from oxygen to gold, for 
the gold cluster complexes with a single water molecule, methanol (MeOH), and ethanol (EtOH). 
Energies in kJ/mol and entropies in J/mol/K. 
 
 Cationic Neutral Anionic 
ΔG ΔS ΔH ΔHo ΔG ΔS ΔH ΔHo ΔG ΔS ΔH ΔHo 
AuOH2 
 
HAuOH 
 
214.7 
 
1.6 
 
215.2 
 
-13.6 
 
35.7 
 
-11.7 
 
32.3 
 
-11.8 
 
-2.5 
 
-16.5 
 
-7.2 
 
-9.8 
Au2OH2 
 
HAu2OH 
 
110.7 
 
-6.7 
 
108.7 
 
-16.8 
 
62.5 
 
-7.7 
 
60.3 
 
-13.0 
 
28.9 
 
-35.1 
 
18.9 
 
-11.0 
Au3OH2 
 
HAu3OH 
 
156.6 
 
-8.4 
 
154.2 
 
-12.4 
 
33.6 
 
-26.7 
 
26.0 
 
-13.6 
 
-4.2 
 
-32.8 
 
-13.6 
 
-9.9 
Au4OH2 
 
HAu4OH 
 
112.9 
 
-35.5 
 
102.7 
 
-10.9 
 
19.3 
 
-45.4 
 
6.3 
 
-10.7 
 
2.7 
 
-54.6 
 
-12.9 
 
-10.4 
 
AuOHMe 
 
HAuOMe 
 
166.9 
 
1.6 
 
167.4 
 
-15.8 
 
12.1 
 
-4.7 
 
10.8 
 
-13.0 
 
3.9 
 
-22.4 
 
-2.6 
 
-11.1 
Au2SOMe 
  
HAu2OMe 
 
51.5 
 
7.4 
 
53.7 
 
-18.0 
 
103.7 
 
2.4 
 
104.4 
 
-14.4 
 
31.0 
 
-14.2 
 
26.9 
 
-12.6 
Au3OHMe 
 
 HAu3OMe 
 
160.8 
 
-8.2 
 
158.5 
 
-13.6 
 
26.1 
 
-22.1 
 
19.8 
 
-13.9 
 
-0.9 
 
-26.8 
 
-8.6 
 
-10.9 
Au4OHMe 
 
HAu4OMe 
 
75.8 
 
-2.0 
 
75.3 
 
-15.8 
 
29.0 
 
-35.8 
 
18.9 
 
-12.0 
 
12.8 
 
-70.4 
 
-7.4 
 
-11.2 
 
AuOHEt 
 
HAuOEt 
 
162.2 
 
-0.6 
 
162.0 
 
-14.2 
 
14.0 
 
-7.9 
 
11.8 
 
-12.5 
 
-4.9 
 
-4.9 
 
-6.3 
 
-10.9 
Au2OHEt 
 
 HAu2OEt 
 
59.3 
 
0.5 
 
59.4 
 
-16.2 
 
107.3 
 
0.4 
 
107.4 
 
-13.6 
 
30.3 
 
-17.5 
 
25.3 
 
-11.9 
Au3OHEt 
  
HAu3OEt 
 
156.9 
 
-12.5 
 
153.3 
 
-13.8 
 
26.1 
 
-16.9 
 
21.3 
 
-13.7 
 
-4.6 
 
-19.4 
 
-10.1 
 
-10.8 
Au4OHEt 
  
HAu4OEt 
 
69.4 
 
10.6 
 
72.5 
 
-16.3 
 
31.9 
 
-48.1 
 
18.1 
 
-12.0 
 
-4.3 
 
44.8 
 
8.6 
 
10.8 
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Scheme 3.1 Minimum energy structures of [AuOH2]
+
 → [HAuOH]+. 
        
 
→ 
 
 
 
     
          
 
 
Scheme 3.2 Minimum energy structures of AuOH2→HAuOH. 
    
 
→ 
 
 
 
 
 
   
       
 
 
Scheme 3.3 Minimum energy structures of [AuOH2]
-
 → [HAuOH]-. 
 
 
 
→ 
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Table 3.2 BP86/SDD AuOH2 Geometries. Bond lengths in Å and vibrations in cm
-1 
(intensities 
in parentheses in km/mol). 
 
 Cationic Neutral Anionic 
Reactant Product Reactant Product Reactant Product 
Au-O 2.119 1.954 2.426 2.034 3.204 2.099 
H1-O 0.985 2.566 0.990 3.508 0.991 3.705 
H1-O-H2 114.486 92.989 110.170 112.140 102.912 106.940 
H1-O-Au1 122.757 37.243 107.504 12.514 84.807 0.473 
Au-O  
stretch 
397.49 
(0.7) 
585.77 
(1.5) 
199.73 
(42.0) 
481.45 
(28.6) 
164.00 
(3.0) 
464.34 
(90.6) 
 
 
 
Scheme 3.4 Minimum energy structures of [Au2OH2]
+
 → [HAu2OH]
+
. 
 
 
 
→ 
 
 
 
 
 
 
 
 
Scheme 3.5 Minimum energy structures of Au2OH2→HAu2OH. 
 
 
 
→ 
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Scheme 3.6 Minimum energy structures of [Au2OH2]
-
 → [HAu2OH]
-
. 
 
 
 
→ 
 
 
 
 
 
 
 
 
 
Table 3.3 BP86/SDD Au2OH2 Geometries. Bond lengths in Å and vibrations in cm
-1 
(intensities 
in parentheses in km/mol). 
 
 Cationic Neutral Anionic 
Reactant Product Reactant Product Reactant Product 
Au1-O 2.139 2.002 2.243 1.992 3.192 2.102 
H1-O 0.985 3.697 0.985 3.547 0.991 6.253 
Au1-Au2 2.621 2.645 2.540 2.652 2.681 2.661 
H1-O-H2 113.437 136.192 111.844 110.390 103.797 101.369 
H1-O-Au1 123.221 13.771 116.538 14.250 80.901 15.484 
O-Au1-Au2 167.101 169.978 179.912 168.470 140.027 151.819 
Au-O 
stretch 
372.04 
(8.1) 
489.33 
(3.6) 
295.91 
(205.1) 
568.79 
(61.1) 
123.50 
(1.1) 
423.26 
(68.8) 
 
 
 
Scheme 3.7 Minimum energy structures of [Au3OH2]
+
 → [HAu3OH]
+
. 
 
 
 
→ 
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Scheme 3.8 Minimum energy structures of Au3OH2→HAu3OH. 
 
 
→ 
 
 
  
 
 
 
Scheme 3.9 Minimum energy structures of [Au3OH2]
-
 → [HAu3OH]
-
. 
 
 
→ 
 
 
 
 
 
 
             
 
Table 3.4 BP86/SDD Au3OH2 Geometries. Bond lengths in Å and vibrations in cm
-1 
(intensities 
in parentheses in km/mol). 
 
 Cationic Neutral Anionic 
Reactant Product Reactant Product Reactant Product 
Au1-O 2.163 2.060 2.243 2.007 3.430 2.053 
H1-O 0.984 3.700 0.985 5.014 1.002 5.510 
Au1-Au2 2.684 3.792 2.653 2.694 2.625 2.624 
Au1-Au3 2.684 6.287 2.682 2.644 5.236 2.895 
Au2-Au3 2.639 2.648 2.800 2.687 2.611 2.751 
H1-O-H2 113.108 113.858 112.049 109.654 103.966 79.134 
H1-O-Au1 123.474 132.520 118.051 37.040 18.176 44.356 
O-Au1-Au2 150.555 23.642 152.759 147.407 65.001 171.049 
O-Au1-Au3 150.548 32.398 143.948 151.775 64.866 129.221 
Au2-Au1-Au3 58.897 10.425 63.293 60.449 0.195 59.534 
Au-O  
stretch 
374.61 
(15.6) 
574.09 
(58.3) 
278.17 
(283.6) 
551.58 
(44.8) 
133.72 
(0.6) 
496.38 
(97.2) 
117 
 
Scheme 3.10 Minimum energy structures of [Au4OH2]
+
 → [HAu4OH]
+
. 
 
 
→ 
 
 
  
      
 
 
Scheme 3.11 Minimum energy structures of Au4OH2→HAu4OH. 
 
 
→ 
 
 
  
  
 
 
Scheme 3.12 Minimum energy structures of [Au4OH2]
-
 → [HAu4OH]
-
. 
 
 
 
→ 
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Table 3.5 BP86/SDD Au4OH2 Geometries. Bond lengths in Å and vibrations in cm
-1 
(intensities 
in parentheses in km/mol). 
 
 Cationic Neutral Anionic 
Reactant Product Reactant Product Reactant Product 
Au1-O 2.194 2.108 2.234 2.154 3.400 2.039 
H1-O 0.985 3.753 0.985 3.767 1.001 3.704 
Au1-Au2 2.754 3.276 2.605 2.656 2.638 2.718 
Au1-Au4 2.754 2.635 4.950 3.192 7.749 5.415 
Au2-Au3 2.677 2.699 2.719 2.705 2.629 2.712 
Au3-Au4 2.677 2.709 2.571 2.695 2.628 2.741 
Au1-Au3 2.731 2.631 2.768 2.740 5.155 5.036 
H1-O-H2 112.940 123.216 111.635 116.189 104.454 109.421 
H1-O-Au1 123.534 95.862 116.297 93.756 19.745 7.851 
O-Au1-Au2 121.514 41.384 171.870 156.694 66.851 157.075 
O-Au1-Au4 121.626 156.045 106.252 43.241 69.673 164.621 
Au2-Au1-Au3 58.433 53.012 60.696 60.141 11.843 21.938 
Au-O  
stretch 
350.35 
(17.8) 
543.17 
(5.7) 
310.15 
(131.2) 
532.10 
(61.3) 
125.06 
(0.7) 
536.67 
(126.1) 
 
 
 
Scheme 3.13 Minimum energy structures of [AuOHCH3]
+
 → [HAuOCH3]
+
. 
 
 
→ 
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Scheme 3.14 Minimum energy structures of AuOHCH3→HAuOCH3.     
 
 
→ 
 
 
 
 
 
 
 
 
 
Scheme 3.15 Minimum energy structures of [AuOHCH3]
-
 → [HAuOCH3]
-
. 
 
 
→ 
 
 
 
 
 
  
 
   
Table 3.6 BP86/SDD AuOHCH3 Geometries. Bond lengths in Å and vibrations in cm
-1 
(intensities in parentheses in km/mol). 
 
 Cationic Neutral Anionic 
Reactant Product Reactant Product Reactant Product 
Au-O 2.113 1.982 2.411 2.062 3.264 2.107 
H1-O 0.990 2.805 0.992 3.592 1.030 3.709 
C-O 1.517 1.450 1.488 1.450 1.457 1.442 
H1-O-C 113.191 103.805 110.886 124.042 108.207 120.426 
H1-O-Au1 115.453 32.678 107.114 8.686 6.624 1.098 
Au-O 
stretch 
442.68 
(77.3) 
534.58 
(16.5) 
209.17 
(24.4) 
376.35 
(17.8) 
185.16 
(0.3) 
409.63 
(63.2) 
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Scheme 3.16 Minimum energy structures of [Au2OHCH3]
+
 → [HAu2OCH3]
+
. 
 
 
 
→ 
 
 
 
 
 
 
  
 
     
Scheme 3.17 Minimum energy structures of Au2OHCH3→HAu2OCH3.    
 
 
 
→ 
 
 
 
 
 
 
 
 
 
Scheme 3.18 Minimum energy structures of [Au2OHCH3]
-
 → [HAu2OCH3]
-
. 
 
 
→ 
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Table 3.7 BP86/SDD Au2OHCH3 Geometries. Bond lengths in Å and vibrations in cm
-1 
(intensities in parentheses in km/mol). 
 
 Cationic Neutral Anionic 
Reactant Product Reactant Product Reactant Product 
Au1-O 2.115 2.033 2.234 2.004 3.288 2.069 
H1-O 0.990 3.722 0.988 5.562 1.017 3.703 
C-O 1.508 1.437 1.489 1.466 1.466 1.453 
Au1-Au2 2.584 2.657 2.541 2.587 2.687 2.837 
H1-O-C 112.547 121.119 111.580 120.736 108.030 119.505 
H1-O-Au1 116.697 10.779 112.353 1.766 7.902 5.511 
O-Au1-Au2 161.006 164.084 179.958 159.005 92.854 150.416 
Au-O 
stretch 
359.20 
(43.9) 
376.75 
(3.5) 
306.89 
(73.9) 
508.76 
(27.7) 
174.80 
(1.6) 
410.85 
(44.8) 
 
 
 
Scheme 3.19 Minimum energy structures of [Au3OHCH3]
+
 → [HAu3OCH3]
+
. 
 
 
→ 
 
 
  
    
 
 
Scheme 3.20 Minimum energy structures of Au3OHCH3→HAu3OCH3. 
 
 
 
→ 
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Scheme 3.21 Minimum energy structures of [Au3OHCH3]
-
 → [HAu3OCH3]
-
.  
 
 
→ 
 
 
 
 
 
 
 
 
Table 3.8 BP86/SDD Au3OHCH3 Geometries. Bond lengths in Å and vibrations in cm
-1 
(intensities in parentheses in km/mol). 
 
 Cationic Neutral Anionic 
Reactant Product Reactant Product Reactant Product 
Au1-O 2.144 2.062 2.247 2.025 3.305 2.045 
H1-O 0.987 3.728 0.989 3.656 1.014 3.706 
O-C 1.502 1.507 1.490 1.457 1.467 1.456 
Au1-Au2 2.686 3.508 2.568 2.693 2.624 2.750 
Au1-Au3 2.684 5.939 4.776 5.094 5.237 5.286 
Au2-Au3 2.639 2.652 2.620 2.591 2.613 2.605 
H1-O-C 112.908 116.475 111.557 123.979 107.970 120.378 
H1-O-Au1 119.376 112.072 112.353 10.203 5.204 7.307 
O-Au1-Au2 149.822 32.642 177.511 161.568 89.406 156.857 
O-Au1-Au3 151.304 44.471 159.240 146.508 89.927 147.902 
Au2-Au1-Au3 58.872 13.323 23.239 15.075 0.530 9.000 
Au-O  
stretch 
388.43 
(43.5) 
306.27 
(4.3) 
295.58 
(87.3) 
463.52 
(8.1) 
161.95 
(1.1) 
470.12 
(87.0) 
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Scheme 3.22 Minimum energy structures of [Au4OHCH3]
+
 → [HAu4OCH3]
+
.     
 
 
→ 
 
 
 
 
 
 
 
 
Scheme 3.23 Minimum energy structures of Au4OHCH3→HAu4OCH3. 
 
 
→ 
 
 
 
 
 
 
 
Scheme 3.24 Minimum energy structures of [Au4OHCH3]
-
 → [HAu4OCH3]
-
. 
 
 
→ 
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Table 3.9 BP86/SDD Au4OHCH3 Geometries. Bond lengths in Å and vibrations in cm
-1 
(intensities in parentheses in km/mol). 
 
 Cationic Neutral Anionic 
Reactant Product Reactant Product Reactant Product 
Au1-O 2.173 2.038 2.225 2.140 3.310 2.040 
H1-O 0.987 3.710 0.989 3.768 1.012 3.710 
O-C 1.501 1.441 1.496 1.481 1.467 1.458 
Au1-Au2 2.755 2.714 2.604 2.659 2.633 2.718 
Au1-Au3 2.732 5.176 2.774 2.743 5.165 5.417 
Au1-Au4 2.753 5.259 4.927 3.176 7.755 5.028 
Au2-Au3 2.674 2.723 2.718 2.703 2.632 2.753 
Au3-Au4 2.677 2.610 2.572 2.697 2.630 2.744 
H1-O-C 112.874 123.643 111.170 121.722 108.439 120.047 
H1-O-Au1 119.426 6.126 112.311 93.412 6.487 7.679 
O-Au1-Au2 121.382 153.553 173.627 156.996 87.621 156.475 
O-Au1-Au4 121.858 147.528 103.800 43.515 94.577 134.529 
Au2-Au1-Au3 58.337 17.855 60.614 60.012 11.204 8.079 
Au-O  
stretch 
370.55 
(43.5) 
407.92 
(4.4) 
316.19 
(77.3) 
330.32 
(17.3) 
151.48 
(1.8) 
481.74 
(91.1) 
 
 
 
Scheme 3.25 Minimum energy structures of [AuOHC2H5]
+
 → [HAuOC2H5]
+
. 
 
 
→ 
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Scheme 3.26 Minimum energy structures of AuOHC2H5→HAuOC2H5. 
 
 
→ 
 
 
 
 
 
 
 
 
Scheme 3.27 Minimum energy structures of [AuOHC2H5]
-
 → [HAuOC2H5]
-
. 
 
 
→ 
 
 
 
 
 
 
 
 
Table 3.10 BP86/SDD AuOHC2H5 Geometries. Bond lengths in Å and vibrations in cm
-1 
(intensities in parentheses in km/mol). 
 
 Cationic Neutral Anionic 
Reactant Product Reactant Product Reactant Product 
Au-O 2.085 1.999 2.414 2.055 3.265 2.107 
H1-O 0.991 2.825 0.993 3.590 1.030 3.709 
C1-O 1.546 1.452 1.500 1.458 1.463 1.440 
C1-C2 1.523 1.585 1.533 1.543 1.546 1.551 
H1-O-C1 112.542 106.226 110.195 124.375 107.778 121.225 
H1-O-Au1 116.923 32.373 106.900 8.462 7.543 1.098 
Au-O 
stretch 
511.38 
(4.8) 
589.49 
(56.8) 
157.37 
(13.5) 
531.06 
(5.4) 
171.63 
(0.1) 
510.16 
(37.5) 
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Scheme 3.28 Minimum energy structures of [Au2OHC2H5]
+
 → [HAu2OC2H5]
+
. 
 
 
 
→ 
 
 
 
 
 
      
 
 
 
Scheme 3.29 Minimum energy structures of Au2OHC2H5→HAu2OC2H5. 
 
 
→ 
 
 
 
 
 
 
 
     
Scheme 3.30 Minimum energy structures of [Au2OHC2H5]
-
 → [HAu2OC2H5]
-
. 
 
 
→ 
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Table 3.11 BP86/SDD Au2OHC2H5 Geometries. Bond lengths in Å and vibrations in cm
-1 
(intensities in parentheses in km/mol). 
 
 Cationic Neutral Anionic 
Reactant Product Reactant Product Reactant Product 
Au1-O 2.109 2.036 2.227 2.003 3.299 2.067 
H1-O 0.992 3.702 0.990 5.586 1.017 3.700 
C1-O 1.533 1.446 1.502 1.475 1.472 1.453 
C1-C2 1.527 1.578 1.531 1.541 1.543 1.546 
Au1-Au2 2.580 2.658 2.541 2.589 2.686 2.832 
H1-O-C1 111.435 142.937 110.753 120.196 107.877 120.786 
H1-O-Au1 116.807 13.208 112.767 0.618 7.134 5.392 
O-Au1-Au2 160.801 169.225 179.711 157.329 92.208 149.975 
Au-O 
stretch 
505.40 
(12.5) 
434.88 
(2.5) 
222.29 
(19.4) 
594.60 
(22.6) 
143.76 
(0.9) 
547.72 
(66.9) 
 
 
 
Scheme 3.31 Minimum energy structures of [Au3OHC2H5]
+
 → [HAu3OC2H5]
+
. 
 
 
 
→ 
 
 
 
 
 
      
 
 
 
Scheme 3.32 Minimum energy structures of Au3OHC2H5→HAu3OC2H5. 
 
 
→ 
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Scheme 3.33 Minimum energy structures of [Au3OHC2H5]
-
 → [HAu3OC2H5]
-
. 
 
 
→ 
 
 
 
 
 
 
 
 
    
Table 3.12 BP86/SDD Au3OHC2H5 Geometries. Bond lengths in Å and vibrations in cm
-1 
(intensities in parentheses in km/mol). 
 
 Cationic Neutral Anionic 
Reactant Product Reactant Product Reactant Product 
Au1-O 2.133 2.071 2.230 2.016 3.318 2.047 
H1-O 0.988 3.715 0.990 5.077 1.014 3.708 
C1-O 1.525 1.519 1.508 1.473 1.472 1.458 
C1-C2 1.526 1.522 1.531 1.537 1.542 1.544 
Au1-Au2 2.686 3.584 2.642 2.708 2.621 2.749 
Au1-Au3 2.686 6.008 2.704 2.640 5.233 5.284 
Au2-Au3 2.637 2.651 2.789 2.692 2.613 2.604 
H1-O-C1 112.032 116.316 110.839 114.740 108.482 121.199 
H1-O-Au1 119.815 117.530 112.367 37.319 5.055 7.313 
O-Au1-Au2 150.513 30.299 156.339 146.433 96.891 156.882 
O-Au1-Au3 150.676 41.943 140.790 153.020 97.341 147.934 
Au2-Au1-Au3 58.811 13.262 62.869 60.437 0.496 8.989 
Au-O 
 stretch 
487.73 
(25.3) 
376.59 
(1.9) 
308.32 
(60.4) 
553.21 
(23.4) 
142.41 
(0.7) 
554.84 
(63.1) 
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Scheme 3.34 Minimum energy structures of [Au4OHC2H5]
+
 → [HAu4OC2H5]
+
. 
 
 
→ 
 
 
 
 
 
 
 
 
Scheme 3.35 Minimum energy structures of Au4OHC2H5→HAu4OC2H5. 
 
 
→ 
 
 
  
 
  
    
Scheme 3.36 Minimum energy structures of [Au4OHC2H5]
-
 → [HAu4OC2H5]
-
. 
 
 
→ 
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Table 3.13 BP86/SDD Au4OHC2H5 Geometries. Bond lengths in Å and vibrations in cm
-1 
(intensities in parentheses in km/mol). 
 
 Cationic Neutral Anionic 
Reactant Product Reactant Product Reactant Product 
Au1-O 2.160 2.041 2.213 2.155 3.314 2.041 
H1-O 0.989 3.719 0.990 3.758 1.013 3.710 
C1-O 1.523 1.444 1.511 1.486 1.473 1.461 
C1-C2 1.526 1.525 1.530 1.532 1.541 1.543 
Au1-Au2 2.757 2.715 2.609 3.191 2.630 2.718 
Au1-Au3 2.733 5.170 2.772 2.742 5.168 5.034 
Au1-Au4 2.756 5.263 4.938 2.663 7.753 5.414 
Au2-Au3 2.671 2.725 2.712 2.695 2.632 2.710 
Au3-Au4 2.677 2.610 2.573 2.702 2.630 2.744 
H1-O-C1 111.907 123.476 110.423 122.664 108.808 120.336 
H1-O-Au1 119.398 5.514 113.193 93.857 7.027 7.680 
O-Au1-Au2 122.192 152.197 170.000 42.947 98.499 156.512 
O-Au1-Au4 121.170 146.173 107.938 156.178 103.185 164.329 
Au2-Au1-Au3 58.233 18.129 60.450 53.370 10.832 21.929 
Au-O  
stretch 
478.84 
(26.4) 
365.53 
(1.3) 
448.42 
(114.5) 
347.55 
(14.3) 
129.83 
(2.0) 
561.32 
(72.8) 
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Appendix C 
C.1 Supplementary information for Chapter 4: Transition state theory of hydrogen atom transfer 
in alkane thiol-gold cluster complexes. 
Table 4.1 Thermochemical values at 298 K for hydrogen atom transfer from sulphur to gold, for 
the gold cluster complexes with hydrogen sulphide, H2S, methane (Me) thiol, SHCH3, and 
ethane (Et) thiol, SHC2H5. Energies in kJ/mol and entropies in J/mol/K. 
 
 BP86/SDD M06-2X/SDD MP2/SDD 
ΔG ΔS ΔH ΔHo ΔG ΔS ΔH ΔHo ΔG ΔS ΔH ΔHo 
AuSH2 
 
HAuSH 
 
-48.0 
 
-10.9 
 
-51.1 
 
-4.4 
 
13.6 
 
-15.6 
 
9.1 
 
-5.0 
 
-17.4 
 
-18.8 
 
-22.8 
 
-2.0 
Au2SH2 
  
HAu2SH 
 
-19.5 
 
-4.9 
 
-13.3 
 
-5.7 
 
-5.6 
 
-5.0 
 
-7.0 
 
-7.4 
 
-8.2 
 
-1.7 
 
-8.7 
 
-6.5 
AuSHMe 
 
HAuSMe 
 
-50.3 
 
-2.7 
 
-51.1 
 
-4.5 
 
7.2 
 
-10.1 
 
4.2 
 
-8.9 
 
-34.7 
 
-3.8 
 
-35.8 
 
-4.2 
Au2SHMe 
  
HAu2SMe 
 
25.1 
 
16.4 
 
29.8 
 
-5.3 
 
13.1 
 
-15.8 
 
8.5 
 
-3.5 
 
14.8 
 
2.7 
 
15.6 
 
-6.4 
AuSHEt 
 
HAuSEt 
 
-47.7 
 
-9.7 
 
-50.5 
 
-4.4 
 
7.5 
 
1.3 
 
7.9 
 
-5.7 
 
-33.7 
 
-5.6 
 
-35.5 
 
-3.6 
Au2SHEt 
  
HAu2SEt 
 
0.2 
 
0.4 
 
0.3 
 
-5.9 
 
19.1 
 
2.0 
 
19.7 
 
-7.5 
 
14.9 
 
-5.0 
 
13.5 
 
-3.9 
 
 
 
Table 4.2 Activation Energies (in kJ/mol) for hydrogen atom transfer from sulphur to gold, for 
the gold cluster complexes with hydrogen sulphide, H2S, methane (Me) thiol, SHCH3, and 
ethane (Et) thiol, SHC2H5. 
 
 BP86/SDD M06-2X/SDD MP2/SDD 
AuSH2HAuSH 26.7 32.1 3.0 
Au2SH2 HAu2SH 47.8 0.7 67.7 
AuSHCH3HAuSCH3 25.1 13.6 5.9 
Au2SHCH3 HAu2SCH3 28.5 63.7 77.5 
AuSHC2H5HAuSC2H5 35.1 13.5 64.2 
Au2SHC2H5 HAu2SC2H5 13.9 65.0 71.4 
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Table 4.3 Reaction Rate Constants (in s
-1
) for hydrogen atom transfer from sulphur to gold, for 
the gold cluster complexes with hydrogen sulphide, H2S, methane (Me) thiol, SHCH3, and 
ethane (Et) thiol, SHC2H5. 
 
 BP86/SDD M06-2X/SDD MP2/SDD 
AuSH2HAuSH 1.3x10
8
 1.5x10
7
 1.9x10
12
 
Au2SH2 HAu2SH 2.6x10
4
 4.6x10
12
 8.7x10
0
 
AuSHCH3HAuSCH3 2.5x10
8
 2.6x10
10
 5.8x10
11
 
Au2SHCH3 HAu2SCH3 6.2x10
7
 4.2x10
1
 1.7x10
-1
 
AuSHC2H5HAuSC2H5 4.4x10
6
 2.7x10
10
 3.6x10
1
 
Au2SHC2H5 HAu2SC2H5 2.3x10
10
 2.5x10
1
 1.9x10
0
 
 
 
 
Scheme 4.1 Minimum energy structures of BP86/SDD AuSH2→HAuSH. 
 
 
→ 
 
 
 
 
 
 
→ 
 
 
 
 
 
 
 
 
 
Table 4.4 BP86/SDD AuSH2 Geometries. Bond lengths in Å and vibrations in cm
-1 
(intensities 
in parentheses in km/mol). 
 
 Reactant Transition State Product 
Au-S 2.750 2.697 2.412 
H1-S 1.387 2.169 1.393 
H1-S-H2 94.142 90.326 97.308 
H1-S-Au1 95.326 36.352 97.707 
Au-S stretch 146.19 (5.8) 203.71 (25.1) 284.13 (0.0) 
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Scheme 4.2 Minimum energy structures of M06-2X/SDD AuSH2→HAuSH. 
 
 
 
→ 
 
 
 
 
 
 
 
→ 
 
 
 
 
 
 
 
 
Table 4.5 M06-2X/SDD AuSH2 Geometries. Bond lengths in Å and vibrations in cm
-1 
(intensities in parentheses in km/mol). 
 
 Reactant Transition State Product 
Au-S 2.941 2.459 2.417 
H1-S 1.366 3.667 3.796 
H1-S-H2 95.202 78.672 95.959 
H1-S-Au1 95.069 19.320 14.286 
Au-S stretch 104.46 (11.5) 258.97 (0.4) 276.05 (2.2) 
 
 
 
Scheme 4.3 Minimum energy structures of MP2/SDD AuSH2→HAuSH. 
 
 
→ 
 
 
 
 
 
 
→ 
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Table 4.6 MP2/SDD AuSH2 Geometries. Bond lengths in Å and vibrations in cm
-1 
(intensities in 
parentheses in km/mol). 
 
 Reactant Transition State Product 
Au-S 2.780 3.255 2.352 
H1-S 1.369 1.368 3.736 
H1-S-H2 95.691 95.821 96.703 
H1-S-Au1 100.586 132.090 14.849 
Au-S stretch 111.43 (13.3) 35.59 (2.8) 384.50 (60.8) 
 
 
Scheme 4.4 Minimum energy structures of BP86/SDD Au2SH2→HAu2SH. 
 
 
 
 
→ 
 
 
 
 
 
 
 
→ 
 
 
 
 
 
 
 
 
Table 4.7 BP86/SDD Au2SH2 Geometries. Bond lengths in Å and vibrations in cm
-1 
(intensities 
in parentheses in km/mol). 
 
 Reactant Transition State Product 
Au1-S 2.518 2.538 2.349 
H1-S 1.389 1.387 1.393 
Au1-Au2 2.545 2.550 2.677 
H1-S-H2 94.374 94.234 95.820 
H1-S-Au1 100.309 99.040 96.047 
S-Au1-Au2 178.971 157.254 171.977 
Au-S stretch 225.08 (10.8) 211.55 (9.0) 344.96 (11.7) 
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Scheme 4.5 Minimum energy structures of M06-2X/SDD Au2SH2→HAu2SH. 
 
 
 
 
→ 
 
 
 
 
 
 
 
→ 
 
 
 
 
 
 
 
 
 
Table 4.8 M06-2X/SDD Au2SH2 Geometries. Bond lengths in Å and vibrations in cm
-1 
(intensities in parentheses in km/mol). 
 
 Reactant Transition State Product 
Au1-S 2.644 2.643 2.363 
H1-S 1.366 1.366 4.062 
Au1-Au2 2.570 2.570 2.748 
H1-S-H2 95.629 95.650 96.447 
H1-S-Au1 99.431 99.500 9.767 
S-Au1-Au2 179.539 179.972 166.379 
Au-S stretch 192.20 (16.8) 191.85 (19.7) 331.98 (19.6) 
 
 
 
Scheme 4.6 Minimum energy structures of MP2/SDD Au2SH2→HAu2SH. 
 
 
 
 
→ 
 
 
 
 
 
 
 
→ 
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Table 4.9 MP2/SDD Au2SH2 Geometries. Bond lengths in Å and vibrations in cm
-1 
(intensities 
in parentheses in km/mol). 
 
 Reactant Transition State Product 
Au1-S 2.514 2.440 2.344 
H1-S 1.370 2.162 4.007 
Au1-Au2 2.537 2.537 2.667 
H1-S-H2 95.997 90.186 96.709 
H1-S-Au1 103.050 39.572 9.273 
S-Au1-Au2 178.017 178.839 162.170 
Au-S stretch 239.18 (15.2) 360.65 (91.9) 360.46 (16.5) 
 
 
 
Scheme 4.7 Minimum energy structures of BP86/SDD AuSHCH3→HAuSCH3. 
 
 
 
 
→ 
 
 
 
 
 
 
 
→ 
 
 
 
 
 
 
 
 
 
 
Table 4.10 BP86/SDD AuSHCH3 Geometries. Bond lengths in Å and vibrations in cm
-1 
(intensities in parentheses in km/mol). 
 
 Reactant Transition State Product 
Au-S 2.709 2.419 2.418 
H1-S 1.389 3.947 2.773 
C-S 1.905 1.894 1.892 
H1-S-C 97.254 106.138 101.380 
H1-S-Au1 95.908 8.762 34.370 
Au-S stretch 159.72 (0.1) 274.57 (0.5) 273.86 (0.8) 
 
 
 
137 
 
Scheme 4.8 Minimum energy structures of M06-2X/SDD AuSHCH3→HAuSCH3. 
 
 
 
→ 
 
 
 
 
 
 
→ 
 
 
 
 
 
 
 
 
 
Table 4.11 M06-2X/SDD AuSHCH3 Geometries. Bond lengths in Å and vibrations in cm
-1 
(intensities in parentheses in km/mol). 
 
 Reactant Transition State Product 
Au-S 2.883 2.887 2.561 
H1-S 1.367 1.365 4.135 
C-S 1.873 1.881 1.856 
H1-S-C 98.093 98.591 101.294 
H1-S-Au1 98.330 97.840 0.518 
Au-S stretch 119.44 (18.8) 118.40 (18.9) 192.67 (2.6) 
 
 
 
Scheme 4.9 Minimum energy structures of MP2/SDD AuSHCH3→HAuSCH3. 
 
 
 
→ 
 
 
 
 
 
 
→ 
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Table 4.12 MP2/SDD AuSHCH3 Geometries. Bond lengths in Å and vibrations in cm
-1 
(intensities in parentheses in km/mol). 
 
 Reactant Transition State Product 
Au-S 2.694 2.702 2.471 
H1-S 1.371 1.370 4.057 
C-S 1.905 1.913 1.890 
H1-S-C 98.028 98.433 104.255 
H1-S-Au1 101.141 99.204 0.115 
Au-S stretch 146.40 (17.1) 143.68 (22.1) 235.84 (0.7) 
 
 
 
 
 
Scheme 4.10 Minimum energy structures of BP86/SDD Au2SHCH3→HAu2SCH3. 
 
 
 
 
→ 
 
 
 
 
 
 
 
→ 
 
 
 
 
 
 
 
 
 
 
Table 4.13 BP86/SDD Au2SHCH3 Geometries. Bond lengths in Å and vibrations in cm
-1 
(intensities in parentheses in km/mol). 
 
 Reactant Transition State Product 
Au1-S 2.493 2.346 2.348 
H1-S 1.390 5.923 4.135 
C-S 1.911 1.911 1.903 
Au1-Au2 2.547 2.614 2.616 
H1-S-C 97.268 105.903 95.914 
H1-S-Au1 100.042 1.271 10.858 
S-Au1-Au2 179.019 155.284 155.105 
Au-S stretch 240.36 (0.7) 337.60 (28.7) 336.56 (24.4) 
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Scheme 4.11 Minimum energy structures of M06-2X/SDD Au2SHCH3→HAu2SCH3. 
 
 
 
→ 
 
 
 
 
 
 
 
→ 
 
 
  
 
 
 
Table 4.14 M06-2X/SDD Au2SHCH3 Geometries. Bond lengths in Å and vibrations in cm
-1 
(intensities in parentheses in km/mol). 
 
 Reactant Transition State Product 
Au1-S 2.605 2.347 2.612 
H1-S 1.367 5.915 4.182 
C-S 1.875 1.879 1.883 
Au1-Au2 2.572 2.770 3.109 
H1-S-C 98.541 102.762 102.965 
H1-S-Au1 99.787 29.100 0.802 
S-Au1-Au2 178.795 118.761 49.016 
Au-S stretch 203.16 (28.9) 333.62 (6.6) 197.71 (13.2) 
 
 
 
Scheme 4.12 Minimum energy structures of MP2/SDD Au2SHCH3→HAu2SCH3. 
 
 
 
→ 
 
 
 
 
 
 
→ 
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Table 4.15 MP2/SDD Au2SHCH3 Geometries. Bond lengths in Å and vibrations in cm
-1 
(intensities in parentheses in km/mol). 
 
 Reactant Transition State Product 
Au1-S 2.489 2.373 2.337 
H1-S 1.372 3.970 3.993 
C-S 1.908 1.923 1.922 
Au1-Au2 2.538 2.551 2.666 
H1-S-C 98.306 104.572 104.135 
H1-S-Au1 102.640 0.750 9.757 
S-Au1-Au2 179.696 96.953 162.992 
Au-S stretch 252.49 (20.8) 343.10 (46.0) 364.05 (21.6) 
 
 
 
Scheme 4.13 Minimum energy structures of BP86/SDD AuSHC2H5→HAuSC2H5. 
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Table 4.16 BP86/SDD AuSHC2H5 Geometries. Bond lengths in Å and vibrations in cm
-1 
(intensities in parentheses in km/mol). 
 
 Reactant Transition State Product 
Au-S 2.698 2.420 2.420 
H1-S 1.389 3.949 3.947 
C1-S 1.925 1.908 1.907 
C1-C2 1.535 1.549 1.536 
H1-S-C1 96.672 105.920 105.516 
H1-S-Au1 96.335 8.835 8.975 
Au-S stretch 314.77 (2.0) 262.20 (1.3) 266.88 (0.6) 
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Scheme 4.14 Minimum energy structures of M06-2X/SDD AuSHC2H5→HAuSC2H5. 
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Table 4.17 M06-2X/SDD AuSHC2H5 Geometries. Bond lengths in Å and vibrations in cm
-1 
(intensities in parentheses in km/mol). 
 
 Reactant Transition State Product 
Au-S 2.876 2.557 2.558 
H1-S 1.368 4.130 4.132 
C1-S 1.885 1.873 1.871 
C1-C2 1.528 1.535 1.527 
H1-S-C1 97.286 102.605 102.067 
H1-S-Au1 98.508 0.683 0.448 
Au-S stretch 109.11 (13.8) 187.58 (17.2) 163.97 (9.9) 
 
 
 
Scheme 4.15 Minimum energy structures of MP2/SDD AuSHC2H5→HAuSC2H5. 
 
 
 
→ 
 
 
 
 
 
→ 
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Table 4.18 MP2/SDD AuSHC2H5 Geometries. Bond lengths in Å and vibrations in cm
-1 
(intensities in parentheses in km/mol). 
 
 Reactant Transition State Product 
Au-S 2.687 3.613 2.471 
H1-S 1.373 2.064 4.058 
C1-S 1.919 1.904 1.905 
C1-C2 1.550 1.552 1.558 
H1-S-C1 97.201 93.327 103.688 
H1-S-Au1 101.313 6.066 0.029 
Au-S stretch 133.09 (16.0) 347.60 (25.9) 225.86 (0.2) 
 
 
 
 
 
Scheme 4.16 Minimum energy structures of BP86/SDD Au2SHC2H5→HAu2SC2H5. 
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Table 4.19 BP86/SDD Au2SHC2H5 Geometries. Bond lengths in Å and vibrations in cm
-1 
(intensities in parentheses in km/mol). 
 
 Reactant Transition State Product 
Au1-S 2.489 2.345 2.345 
H1-S 1.391 3.913 3.913 
C1-S 1.935 1.922 1.918 
C1-C2 1.533 1.551 1.537 
Au1-Au2 2.548 2.688 2.687 
H1-S-C1 96.714 104.259 104.336 
H1-S-Au1 99.893 13.880 13.943 
S-Au1-Au2 179.830 172.553 172.619 
Au-S stretch 334.01 (6.7) 334.24 (11.6) 359.37 (8.2) 
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Scheme 4.17 Minimum energy structures of M06-2X/SDD Au2SHC2H5→HAu2SC2H5. 
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Table 4.20 M06-2X/SDD Au2SHC2H5 Geometries. Bond lengths in Å and vibrations in cm
-1 
(intensities in parentheses in km/mol). 
 
 Reactant Transition State Product 
Au1-S 2.600 2.345 2.360 
H1-S 1.368 5.916 4.072 
C1-S 1.889 1.891 1.883 
C1-C2 1.527 1.532 1.530 
Au1-Au2 2.573 2.769 2.751 
H1-S-C1 97.600 101.630 103.590 
H1-S-Au1 100.388 29.164 9.790 
S-Au1-Au2 178.670 118.843 166.215 
Au-S stretch 199.19 (24.9) 402.06 (3.1) 308.59 (9.8) 
 
 
 
Scheme 4.18 Minimum energy structures of MP2/SDD Au2SHC2H5→HAu2SC2H5. 
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Table 4.21 MP2/SDD Au2SHC2H5 Geometries. Bond lengths in Å and vibrations in cm
-1 
(intensities in parentheses in km/mol). 
 
 Reactant Transition State Product 
Au1-S 2.486 2.331 2.530 
H1-S 1.374 5.744 4.115 
C1-S 1.922 1.936 1.936 
C1-C2 1.550 1.553 1.548 
Au1-Au2 2.539 2.654 2.842 
H1-S-C1 97.383 97.034 102.242 
H1-S-Au1 103.333 32.659 0.298 
S-Au1-Au2 177.637 114.464 53.665 
Au-S stretch 171.13 (0.0) 406.83 (2.0) 181.24 (2.9) 
 
